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. — m Reinforced  earth  consists  primarily  of  soil  whose  engineering  properties 
and  performance  have  been  improved  by  the  introduction  of  small  quantities  of 
frictional  material  that  possesses  a relatively  high  tensile  strength  and 
modulus  of  elasticity.  The  design  concept  of  reinforced  earth  is  based  on 
the  assumption  that  the  Induced  lateral  force  of  a restrained  soil  mass  under 
load  will  be  resisted  by  frictional  forces  that  develop  between  the  reinforce- 
ment and  the  surrounding  soil.  This  practical  concept  has  been  applied  to  I 
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the  problem  of  stabilizing  slop-s,  retaining  walls,  pavements,  and  other  appli- 
cations as  described  in  the  literature  review.  -5 


c->  The  objectives  of  this  study  were:  (a)  to  investigate  the  uncertainties 

concerning  the  stress-strain  distribution  and  the  interrelation  between  the 
reinforcement  and  the  surrounding  soil,  and  (b)  to  evaluate  the  performance  of 
neoprene-coated  nylon  fabric  (membrane)  versus  galvanized  steel  as  reinforcing 
material  within  a cohesionless  soil  mass.  These  two  objectives  were  directed 
toward  the  feasibility  of  using  the  concept  of  reinforced  earth  in  Corps  of 
Engineers  projects. 

The  objectiveiyere  achieved  by  constructing  two  instrumented  retaining 
walls,  each  16  ft  longS*^2  ft  high,  and  10  ft  deep;  the  first  wall  was  rein- 
forced with  membrane  ties',  and  the  second  with  galvanized  steel  ties.  The 
membrane  ties  were  4 in.  wide,  0.08  in.  thick,  and  10  ft  long,  spaced  at  in- 
tervals of  2 and  4 ft  in  the  vertical  and  horizontal  directions,  respectively. 
The  galvanized  steel  ties  had  the  same  width  and  length  as  the  membrane  tie3 
but  were  0.024  in.  thick  and  spaced  2. 3 ft  apart  along  the  wall.  Three  gal- 
vanized steel  ties  along  the  center  line  of  the  wall  and  located  at  1,  5,  and 
9 ft  above  the  bottom  of  the  wall  were  instrumented  with  complete  SR-4  strain 
gage  bridges  on  both  surfaces  at  points  1,  2.5,  5,  and  T.5  ft  from  the  face  of 
the  wall.  At  the  elevation  of  each  instrumented  tie  and  1 ft  away  from  the 
surface  of  the  wall,  two  pressure  cells  were  placed  to  measure  the  induced 
vertical  and  horizontal  pressures  within  the  backfill  soil.  A similar  pres- 
sure cell  arrangement  was  used  for  the  membrane-reinforced  wall.  The  skin 
elttftdt  which  comprised  the  exposed  surface  of  the  wall  was  made  of  Alcoa  Til 
high-strength  landing  mat  panels  similar  to  those  used  for  construc- 
tion of  expedient  airfield  Although  the  membrane-reinforced  wall 

failed  before  it  reached  10  ft  hi0n,  the  steel-reinforced  wall  was  constructed 
to  the  full  height  of  12  ft  «u»a  uniformly  surcharge  loaded,  using  1-  and  2-ton 
lead  weights,  to  surface  pressure  in  excess  of  1500  pBf.  Deflection  of  the 
skin  elements  was  me^ured  during  construction  and  surcharge  loading.  It  is 
probable  that  fnixure  of  the  reinforced  earth  retaining  wall  was  initiated  by 
failure  of  the  connection  which  Joined  the  reinforcing  ties  to  the  skin  ele- 
ment or  by  failure  of  the  skin  element  due  to  buckling  and  shear. 

Based  on  the  instrumentation  measurements  collected  during  construction 
and  during  loading  of  the  structure  to  failure,  it  appears  that  the  Rankine 
earth  pressure  theory  provides  a good  approximation  for  the  measured  lateral 
pressure  when  the  wall  is  carrying  little  or  no  surcharge  load.  Prior  to 
failure  under  a substantial  surcharge  loading,  the  measured  lateral  earth 
pressure  was  maximum  at  the  middle  third  of  the  wall  and  varied  from  1.0  to 
1.2  times  the "earth  pressure  predicted  by  the  Rankine  theory  for  the  active 
csae.  The  curve,  connecting  the  points  where  maximum  tensile  stress  occurred 
in  the  reinforcing  ties  did  not  coincide  with  the  theoretical  Rankine  failure 
surface.  An. improved  method  of  defining  the  effective  length  of  reinforcing 
tie,  compatible  with  full-scale  field  test  results,  to  be  used  in  computing  tie 
pullout  should  be  developed . 

The  field  test  conducted  at  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  indicated  that  the  reinforced  earth  concept  provides  another  alterna- 
tive for  constructing  earth  structures  which  may  prove  to  be  more  economical 
when  compared  with  conventional  methods  under  certain  conditions. 
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The  study  reported  herein  was  conducted  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  under  the  sponsorship  of  the  Office, 
Chief  of  Engineers  (OCE),  Project  No.  UA161102AT22,  "Theory  and  Princi- 
ples of  Reinforced  Earth,"  Task  A2,  Work  Unit  00U. 

The  field  and  laboratory  studies  described  were  performed  during 
the  period  July  1971*  through  June  1976  by  Drs.  M.  M.  Al-Hussaini  and 
E.  B.  Perry,  both  of  the  Soil  Mechanics  Division,  Soils  and  Pavements 
Laboratory,  assisted  by  Mr.  C.  L.  Rone  of  the  Pavement  Investigation 
Division,  Soils  and  Pavements  Laboratory,  and  Mr.  V.  Agostinelli  of  the 
Technical  Engineering  Branch,  Lower  Mississippi  Valley  Division.  The 
literature  review  portion  of  this  report  was  written  by  Dr.  Perry  and 
the  remaining  parts  were  written  by  Dr.  Al-Hussaini  under  the  general 
direction  of  Mr.  C.  L.  McAnear,  Chief,  Soil  Mechanics  Division,  and 
Mr.  J.  P.  Sale,  Chief,  Soils  and  Pavements  Laboratory.  OCE  technical 
monitor  for  this  study  was  Mr.  A.  F.  Muller. 


Directors  of  WES  during  the  conduct  of  this  study  and  the  prepara- 
tion of  this  report  were  COL  G.  H.  Hilt,  CE,  and  COL  J.  L.  Cannon,  CE. 
Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Si) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this 
verted  to  metric  (Si)  units  as  follovs: 


Multiply 


mils 

inches 

feet 

square  feet 
pounds  (mass) 
tons  (2000  lb,  mass) 
pound 8 (force) 

ounces  (mass)  per  square  yard 

pounds  (mass)  per  cubic  foot 

pounds  (force)  per  square  inch 
pounds  (force)  per  square  foot 
kips  (force)  per  square  inch 
tons  (force)  per  square  foot 
inches  per  minute 


M. 


0.025** 

25.** 

0.30U8 
0.0929030** 
0.  **53592** 
907.181*7 
*♦.  UU8222 
0.03390575 

16, 0181*6 

689**.  757 
1*7.88026 
689**.  757 
95.76052 
25.1* 


degrees  (angular) 


0.017**5329 


report  can  be  con- 

To  Obtain 

millimetres 

millimetres 

metres 

square  metres 
kilograms 
kilograms 
newtons 

kilograms  per  square 
metre 

kilograms  per  cubic 
metre 

pascals 

pascals 

kilopascals 

kilopascals 

millimetres  per 
minute 

radians 
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EFFECT  OF  HORIZONTAL  REINFORCEMENT  ON 
STABILITY  OF  EARTH  MASSES 


PART  I:  INTRODUCTION 


The  Reinforced  Earth  Concept 

1.  Reinforced  earth  may  he  defined  as  a construction  material 
composed  primarily  of  soil  whose  performance  has  been  improved  by  the 
introduction  of  small  quantities  of  other  material  in  a form  of  bars, 
strips,  or  fibers  to  resist  tensile  forces  that  soil  alone  is  unable  to 
resist.  The  concept  of  reinforced  earth  is  very  old.  Ancient  Egypt 
and  Babylon  and  many  other  civilizations  used  straw  in  clay  to  improve 
the  quality  of  building  material  in  the  construction  of  their  dwellings, 
roads,  and  other  structures.  However,  this  concept  remained  a craft 
carried  from  one  generation  to  the  other  until  1969  when  Henri  Vidal 
developed  and  patented  his  concept  of  reinforced  earth.  His  basic  con- 
cept is  to  assume  that  a differential  tensile  force  develops  in  a rein- 
forcement, creating  a linkage  between  soil  grains  such  that  the  tensile 
forces  are  resisted  by  a frictional  force  between  the  reinforcement  and 
soil  grains.  Vidal  patented  (U.  S.  Patent  No.  3, 1*21,326,  1**  January 
1969)  his  concept  with  regard  to  reinforced  earth  with  reference  to  its 
application  to  practical  problems.  An  earlier  patent  by  Andress  Munster 
(U.  S.  Patent  No.  1,762,3^3,  10  June  1930)  provides  for  tension  members 
which  unify  an  earth  fill  to  form  a substantially  solid  mass,  thereby 
making  it  practical  to  construct  a retaining  wall  of  the  earth  fill 
itself. 

2.  The  general  design  principles  of  reinforced  earth  and  appli- 
cations outside  the  U.  8.  have  been  presented  by  Vidal  and  co- 
workers.  ~ The  first  reinforced  earth  structure  was  completed  in 
Europe  in  1961».1^  Reinforced  earth  came  to  the  U.  S.  in  1971  with  the 
establishment  of  the  Reinforced  Earth  Company,  Washington,  D.  C.,  as 
the  U.  8.  licensee  for  the  process.  More  than  100  reinforced  earth 
structures  have  been  built  in  countries  throughout  the  world. 
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Reinforced  earth  applications  have  included  retaining  walls,  platforms 

on  sloping  ground,  quay  walls,  foundation  slabs,  walls  or  piers  includ- 

li  17 

ing  foundation  footings,  and  bridge  abutments.  ’ Potential  rein- 
forced earth  applications  include  embankment  dams,  beams,  and  tunnels 

in  embankments.  Military  applications  to  date,  both  in  Prance,  include 
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military  atomic  shelters  and  the  Long  Island  merlon  at  Brest.  Rein- 
forced earth  has  also  been  suggested  for  use  in  constructing  missile 
silos. ^ 

3.  Three  general  types  of  application  of  reinforced  earth  have 

19-31  , \ 

been  employed  in  the  U.  S.:  (a)  reinforced  earth  fill  supporting 

a highway,  (b)  foundation  slab  supporting  a highway,  and  (c)  retaining 
wall  in  a marine  environment  supporting  a railroad.  One  of  each  of 
these  three  applications  will  be  described  to  show  a spectrum  of  rein- 
forced earth  projects  in  the  U.  S.  Reinforced  earth  was  approved  in 
November  197**  by  the  Federal  Highway  Administration  of  the  U.  S.  Depart- 
ment of  Transportation  as  an  acceptable  standard  highway  construction 
practice. ^2»33 
Reinforced  earth  fill 

U.  The  first  reinforced  earth  project  in  the  U.  S.  was  a rein- 
forced earth  fill  located  on  Route  39  near  Crystal  Lake  in  the  San 

19-20  23-30 

Gabriel  Mountains,  Los  Angeles  County,  California.  ’ The  re- 

inforced earth  fill  was  constructed  over  a random  fill  embankment 
founded  on  slide  debris.  A toe  buttress  was  built  at  the  bottom  of  the 
slide  debris  to  act  as  a stabilizing  embankment.  The  reinforced  earth 
embankment  had  a maximum  height  of  55  ft*  and  a length  of  528  ft.  An 
extensive  drainage  system  consisting  of  a 3-ft-thick  permeable  inter- 
ceptor blanket  behind  the  wall  and  a herringbone  pattern  of  8-  to  l8-in.- 
diam  perforated  metal  pipes  backfilled  with  permeable  filter  material 
within  the  fill  material  was  used  to  remove  surface  water  and  seepage. 

5.  Consol idated-drained  triaxial  tests  on  the  embankment  material 
compacted  to  field  density  (85  percent  relative  compaction)  gave  an  ap- 
parent angle  of  internal  friction  of  UU  deg.  Shear  box  tests  gave  an 

* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (SI)  units  is  shown  on  page  3. 


angle  of  skin  friction  between  the  embankment  material  and  the  rein- 
forcing ties  of  31  deg.  The  reinforcing  ties  and  skin  elements  were 
constructed  of  galvanized  steel  with  a yield  strength  of  37,000  psi, 
ultimate  strength  of  50,000  psi,  Young's  modulus  of  28,500,000  psi,  and 
Poisson's  ratio  of  0.28.  The  ties  had  a thickness  of  0.118  in.,  width 
of  2.362  in.,  and  length  of  22.8  to  k6  ft.  The  skin  elements  were  semi- 
elliptical in  shape  with  a height  of  10  in.  along  the  major  axis  and 
3.7  in.  along  the  minor  axis,  0.118  in.  thick,  and  6.5  to  39***  ft  long. 

6.  In  order  to  monitor  the  behavior  of  the  completed  structure, 
a comprehensive  instrumentation  program  was  planned  and  implemented 
under  the  auspices  of  the  Federal  Highway  Administration  of  the  U.  S. 
Department  of  Transportation.  The  instrumentation  included  slope  indi- 
cators to  measure  the  internal  movement  of  the  fill  and  slide  debris, 
settlement  platforms  to  measure  vertical  settlements,  extensometers  to 
measure  soil  strains,  soil  pressure  cells  to  measure  soil  stresses, 
strain  gages  to  measure  the  stresses  developed  in  the  reinforcing  ties 
and  skin  elements,  and  gage  points  to  measure  the  deformations  of  the 
skin  elements  and  the  wall  face.  Based  on  the  results  obtained  from 
the  instrumented  reinforced  earth  structure  and  the  analysis  of  per- 
formance, it  was  concluded  that  the  basic  mechanism  of  behavior  could 
be  explained  by  Rankine  stress  theory.  For  design  purposes,  it  was 
recommended  that  the  active  earth  pressure  coefficient  be  used  for 
calculating  stresses  for  the  end  portions  of  the  reinforcing  ties  and 
that  the  coefficient  of  earth  pressure  at  rest  be  used  for  calculating 
stresses  for  the  middle  portion  of  the  reinforcing  ties. 

3I1 

7.  The  Heart  O'  the  Hills  road,  as  described  by  Munoz,  is 
located  in  the  Olympic  National  Park  Just  south  of  Port  Angeles,  Wash- 
ington. In  1970  a major  landslide  occurred  and  approximately  200  ft  of 
the  road  dropped  vertically  about  30  ft.  A comprehensive  study  of  the 
area  showed  that  the  site  consisted  of  highly  weathered  fragments  of 
clay,  silt,  and  sandstone.  Several  underground  springs  were  also  found 
vhich  could  have  triggered  the  landslide.  Three  design  alternatives 
vere  considered: 

a.  Earth  embankment  vlth  buttress  and  berms. 
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b.  Reinforced  earth  retaining  wall. 

£.  Bridge  structure. 

8.  After  studying  these  three  alternatives,  it  was  found  that 
while  reinforced  earth  was  slightly  more  expensive  than  the  earth  em- 
bankment , it  would  require  less  working  time  to  construct  and  provide 
more  flexibility  to  accommodate  considerable  differential  settlement. 

The  bridge  structure  was  found  to  be  the  most  expensive.  Therefore, 
two  reinforced  earth  structures  were  designed.  The  bottom  wall  (1*0  ft 
high,  256  ft  long,  and  55  ft  wide)  was  located  on  stable  ground  and  used 
as  a buttress  for  stabilizing  the  landslide.  The  top  wall  (25  ft  high, 
378  ft  long,  and  22  ft  wide)  was  used  to  carry  the  road.  Pumping  wells 
were  installed  to  reduce  the  danger  of  pore  pressure  buildup  during 
construction. 

9*  Precast  concrete  panels  approximately  5 ft  square  were  used 
as  facing  elements.  The  reinforcing  strips  were  bolted  to  the  panels 
and  the  backfill  material  was  placed  in  10-in.  lifts,  spread,  and  com- 
pacted with  a steel-wheel  compactor. 

10.  Another  reinforced  earth  retaining  wall  was  constructed  by 
the  Tennessee  Bureau  of  Highways  to  correct  a slide  on  Interstate  Uo, 
on  the  side  of  Walden  Ridge  near  Rockwood,  Tennessee.  ’ The  affected 
section  of  the  highway  is  located  in  an  extremely  unstable  area  where 
several  major  landslides  occurred  during  construction  of  the  roadway. 
Materials  greatly  affecting  the  slope  stability  of  the  highway  along  the 
Cumberland  Escarpment  are  clay  shales,  residual  clays,  colluvium,  and 
water.  Two  alternatives  vere  studied  as  remedial  measures: 

a.  Rock  buttress. 

b.  Reinforced  earth  structure. 

It  was  found  that  the  cost  of  rock  buttress  would  be  almost  twice  that 
of  reinforced  earth.  Consequently,  a reinforced  earth  retaining  wall 
about  800  ft  Ions  end  39  ft  high  was  selected  as  the  method  to  correct 
the  slide.  Cruciform-shaped  precast  panels,  5 ft  square  and  varying  in 
thickness  from  7-1/8  to  8-5/8  in.,  vere  used  as  facing  elements. 
Polyurethane- foam  strips  (2  by  2 in.)  vere  used  to  seal,  the  vertical 
Joints  between  the  panels.  Galvanized  steel  strips,  1/8  in.  thick  with 
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varying  width  and  length,  were  used  as  reinforcing  strips.  Each  row  of 
strips  was  covered  with  approximately  30  in.  of  sand  compacted  in  8-  to 
10-in.  lifts. 

Reinforced  earth  slab 

11.  A reinforced  earth  slab  was  constructed  to  support  a 1200- ft- 

22 

long  highway  section  near  Philadelphia,  Pennsylvania.  The  slab  was 
3 ft  thick  and  ranged  in  width  from  80  to  160  ft  supporting  a 15-ft- 
thick  soil  embankment  and  pavement  for  a U-lane,  divided  highway.  Before 
constructing  the  slab,  the  contractor  filled  existing  voids  of  cavernous 
limestone  bedrock  with  grout.  The  reinforced  earth  slab  was  designed 
to  bridge  an  assumed  50-ft  void  in  the  bedrock.  Galvanized  steel  rein- 
forcing ties  were  placed  at  6-in.  intervals  in  alternate  layers  of  lon- 
gitudinal and  transverse  strips  sandwiched  within  a granular  backfill. 

All  bidders  on  the  highway  section  selected  reinforced  earth  as  more 

economical  than  concrete  for  the  slab  construction. 

37 

12.  Binquet  and  Lee  conducted  model  tests  with  strip  footings 

on  reinforced  sand  foundation  to  investigate  the  potential  benefits  of 

using  reinforced  earth  slabs  to  improve  the  bearing  capacity  of  soils. 

Reinforced  earth  wall 
in  marine  environment 

13*  The  first  reinforced  earth  structure  to  be  constructed  in  a 
marine  environment  in  the  United  States  was  constructed  along  the  navi- 
gable  tidal  estuary.  Academy  Creek,  in  Brunswick,  Georgia.  The  rein- 
forced earth  wall  allowed  the  widening  of  a primary  State  Highway  and 
relocation  of  a railroad  freight  spur  in  the  vicinity  of  Highway  1-95. 

The  center  line  of  the  railroad  was  located  lU  ft  from  the  vertical 
face  of  the  reinforced  earth  wall.  The  wall  was  constructed  in  the  dry 
behind  a temporary  earth  dike.  The  retaining  wall,  constructed  of 
interlocking  precast  concrete  panels  and  aluminum-magnesium  alloy  rein- 
forcing ties,  was  1100  ft  long  and  28  ft  high  when  completed.  Since 
much  of  the  wall  facing  would  be  under  water.  Poly filter  X was  glued 
across  the  Joints  on  the  inside  of  the  concrete  facing  panels  to  pre- 
vent the  sand  backfill  from  washing  out  into  the  estuary.  Recently, 
in  England  and  Australia,  glass-reinforced  concrete  facing  panels,  which 
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weigh  only  36  lb  and  can  be  lifted  into  place  manually,  have  been  used.3 


Review  of  Previous  Research  on  Reinforced  Earth 


lU.  Since  the  application  of  the  reinforced  earth  concept  in 

Europe  by  Vidal  in  196^,  many  research  and  governmental  organizations 

have  initiated  research  programs  on  reinforced  earth.  A summary  review 

of  some  of  the  research  work  on  reinforced  earth  follows. 

Previous  research 
in  Europe  and  Japan 

15.  The  Central  Laboratory  of  Ponts  et  Chaussees  in  Paris,  France, 
initiated  research  on  reinforced  earth  in  1967  with  two-dimensional 
model  tests. 3^  ^ These  model  tests,  which  employed  steel  cylinders  to 

simulate  the  soil  and  aluminum  reinforcement  ties,  were  conducted  to 
study  modes  of  failure.  Small-scale  model  walls  were  built  in  Japan  at 
the  Japanese  National  Railway  Research  Laboratory^  using  galvanized 
steel  reinforcement  and  sand  backfill.  These  model  walls  were  failed 
by  releasing  the  reinforcement  ties  a few  at  a time  while  measuring  the 
wall  displacement.  An  instrumented  reinforced  earth  retaining  wall, 

165  ft  long  and  33  ft  high,  was  constructed  at  Incarville,  France,  in 

ll*  |*2 

1968.  ’ The  results  obtained  from  this  wall  were  limited  in  scope 

because  an  unknown  quantity  of  clayey  silt  was  intermingled  with  the 
gravelly  sand  backfill.  Long  and  co-workers1*3  at  the  Central  Laboratory 
of  Ponts  et  Chaussees  conducted  triaxial  tests  on  samples  of  sand  rein- 
forced with  regularly  spaced  aluminum  disks  to  determine  the  effect  of 

reinforcements  on  the  failure  characteristics  of  reinforced  earth. 

1*0 

Schlosser  and  Ixmg  conducted  consolidated-drained  direct  shear  tests 
on  mixtures  of  Loire  sand  and  Provins  clay  to  determine  the  development 
of  the  angle  of  internal  friction  and  the  short-term  cohesion  as  a 
function  of  the  different  proportions  of  the  soil  constituents.  Behnia1*1* 
has  conducted  a study  of  reinforced  earth  tunnels  at  the  University  of 
Paris. 

Previous  research  in'  the  U.  S. 


16.  An  early  study  on  reinforced  earth  in  the  U.  S.  was  reported 
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by  Pratap  in  1970.  Pratap  conducted  small-scale  laboratory  reinforced 
earth  retaining  wall  tests  using  dry  Ottawa  sand  and  aluminum  alloy  wire 
mesh  reinforcement  ties.  The  skin  elements  composing  the  vertical  face 
of  the  retaining  wall  were  constructed  of  steel  shaped  into  channel 
sections.  Strains  were  measured  along  the  top  of  the  reinforcement  ties. 
Surcharge  loads  (uniform  stress  over  a strip)  were  applied  along  the  top 
surface  of  the  sand  using  a hydraulic  jack  and  a loading  plate.  The 
results  of  the  study  indicated  that  Rankine  stress  theory  could  be  used 
to  compute  the  in  situ  stresses  (zero  surcharge)  in  the  soil  mass.  In 
each  surcharge  test,  bearing  capacity  failure  of  the  top  sand  surface 
occurred  before  the  failure  of  the  retaining  wall  could  take  place. 

17 • Lee  and  co-workers  have  conducted  several  research  studies 

In  1*6-51 

on  reinforced  earth  since  1971.  ’ They  conducted  small-scale 

laboratory  reinforced  earth  retaining  wall  tests  using  dry  Ottawa  sand 

1*1  1*6  1*Q 

and  aluminum  ties  under  static  loading  conditions.  * ’ 7 Measurements 

were  made  of  strain  in  the  reinforcement  ties,  stresses  in  the  sand 
backfill,  and  wall  deflection.  Both  tie  pullout  and  tie  breaking  modes 
of  failure  were  studied.  The  results  of  the  study  indicated  that  design 
procedures  using  either  Rankine  or  Coulomb  stress  theory  were  adequate 
for  design  purposes.  Unanswered  questions  resulting  from  the  study  in- 
clude reduction  from  the  ideal  Rankine  pressure  distribution  near  the 
base  of  the  box  and  the  small  difference  in  observed  failure  heights 
between  loose  and  dense  sand  backfills  which  is  in  variance  with  Rankine 
stress  theory. 

18.  Another  study  was  conducted  by  Richardson  and  co- 
1*7  l*g  52 

workers  ’ on  small-scale  reinforced  earth  retaining  walls  sub- 

jected to  horizontal  sinusoidal  seismic  loading  with  a shaking  table. 

The  results  of  the  tests  shoved  that  reinforced  earth  retaining  walls 
subjected  to  seismic  loadings  could  be  designed  using  an  empirical  design 
force  envelope  and  a base  acceleration  determined  by  response  spectra 
modal  participation  factor  analysis.  Yang^0’^1  conducted  triaxial  tests 
on  samples  of  dry  sand  reinforced  with  regularly  spaced  horizontal  layers 
of  fiberglass  nets.  The  results  of  the  tests  shoved  that  the  deforma- 
tion modulus  of  reinforced  sand  was  higher  than  that  of  unreinforced 
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sand  and  that  the  strength  of  the  reinforced  sand  could  increase  from 
several  hundred  percent  to  that  of  a state  where  the  applied  deviator 
stress,  however  large,  could  not  fail  the  specimen  without  causing  ten- 
sile failure  in  the  reinforcement  or  crushing  of  the  sand  grains.  Cir- 
cular plate  loading  tests,  conducted  on  reinforced  sand  foundations 
prepared  by  introducing  circular  fiberglass  nets  lying  horizontally  in 
the  sand,  showed  that  the  reinforced  sand  foundation  undergoes  smaller 
settlement  and  has  a greater  ultimate  bearing  capacity  than  an  unrein- 
forced sand  foundation. 

53 

19.  Bell  and  his  co-workers  have  conducted  laboratory  tests  at 
Oregon  State  University  using  a nonwoven  synthetic  porous  fabric  (in- 
stalled as  a continuous  sheet  in  dry  sand)  as  reinforcement  for  a small- 
scale  retaining  wall.  The  test  results  were  used  as  input  for  a study 

on  the  use  of  the  fabric  as  reinforcement  for  low-class  forest  roads 

5U 

over  soft  soils.  Similar  work  has  been  reported  by  Yamanouchi  at 

Kyushu  University  in  Japan. 

General  requirements  for 
reinforced  earth  structure 

20.  Although  concepts  regarding  the  behavior  of  reinforced  earth 
material  are  still  in  the  developing  stages,  nevertheless  miles  and  re- 
quirements have  already  been  suggested1^’2*4  to  ensure  best  material 
performance  and  overall  structural  stability.  The  reinforcing  materials 
should  possess  high  tensile  strength  and  high  resistance  to  environmen- 
tal conditions.  The  backfill  material  should  be  primarily  free-drainage 
granular  material  with  not  more  than  15  percent  passing  the  No.  200 
sieve.  The  maximum  particle  size  of  the  backfill  should  not  exceed 

10  in.  There  must  be  sufficient  friction  between  the  backfill  and  the 
reinforcement  to  generate  the  necessary  tensile  stresses  in  the  rein- 
forcement. The  internal  stability  of  reinforced  earth  structures  has 
been  designed  using  Rankine  stress  theory  with  active  and/or  at-rest 
earth  pressure  conditions  within  the  backfill.  Some  general  rules  have 
been  given  for  overall  stability  considerations: 

a.  The  ratio  of  depth  to  height  of  a reinforced  earth  em- 
bankment is  suggested  to  be  in  the  range  of  0.8  to  1. 


b.  The  footing  of  the  reinforced  earth  embankment  is  recom- 
mended to  be  embedded  to  20  percent  of  the  clear  height 
of  the  embankment. 

For  vails  higher  than  15  ft,  a berm  should  be  constructed 
in  front  of  the  vail  with  maximum  slope  of  2:3  and  mini- 
mum width  of  5 ft. 

21.  The  advantages  reported  for  reinforced  earth  are: 

a.  It  is  economical  compared  to  alternate  types  of  construc- 
tion. Reinforced  earth  retaining  walls  0 to  15  ft  high 
are  competitive;  15  to  50  ft  high  are  very  competitive; 
greater  than  50-ft-high  reinforced  earth  is  easy  to  design 
where  other  types  might  not  be  feasible. 

b.  It  requires  no  additional  earthwork  equipment. 

£.  It  can  be  erected  much  faster  than  conventional  types  of 
construction. 

d.  Reinforced  earth  structures  are  relatively  flexible  and 
can  tolerate  large  differential  settlements. 

e.  Structures  can  be  built  to  large  heights  (reinforced 
earth  structure  built  at  Tarbela  Damsite  in  West  Pakistan 
to  support  a rock-crushing  plant  is  85  ft  high  and  was 
constructed  in  six  weeks). 

One  disadvantage  of  reinforced  earth  is  that  corrosion  of  the  metal 
reinforcing  ties  occurs,  particularly  in  marine  environments.  However, 
to  combat  corrosion,  reinforcing  ties  can  be  made  from  an  aluminum- 
magnesium  alloy  and  coated  with  a coal-tar  epoxy. 

Concluding  remarks 

22.  From  the  previous  literature  it  appears  that  there  are  un- 
certainties with  regard  to  the  amount  and  spacing  of  the  reinforcing 
material  in  relationship  to  the  backfill.  The  majority  of  reinforced 
earth  research  was  performed  using  small-scale  models  vhich  have  the 
advantage  of  being  economical  tools.  However,  Buch  models  impose  dif- 
ficulties in  determining  the  influence  of  particle  size,  skin  friction 
betveen  reinforcing  strips  and  backfill  material,  the  internal  friction 
vithin  the  backfill  soil,  and  the  boundary  conditions  vhich  cannot  be 
scaled  properly.  Consequently,  small-scale  models  can  only  provide  a 
crude  approximation  of  the  actual  behavior  of  the  modeled  prototype. 
Because  of  the  difficulties  in  exact  scaling,  it  appears  that  the  only 
reasonable  way  of  providing  a realistic  approach  for  designing  reinforced 
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earth  material  is  by  constructing  large-scale  models  in  the  field  and 
studying  their  performance  at  failure.  This  approach  forms  the  base 
and  purpose  of  the  study  reported  herein. 

Purpose  and  Scope  of  Study 

23.  The  study  is  intended  to  stimulate  research  activity  on  re- 
inforced earth  as  a construction  material  and  to  investigate  the  feasi- 
bility of  using  reinforced  earth  in  Corps  of  Engineers  projects  as  an 
alternative  to  other  conventional  construction  methods.  The  study  is 
also  concerned  with  resolving  some  of  the  uncertainties  with  regard  to 
the  interrelation  between  the  reinforcing  material  and  the  backfill  soil 
in  reinforced  earth  retaining  walls.  The  main  purpose  of  the  study  is 
to  evaluate  the  behavior  of  fabric  membrane  versus  steel  reinforcement 
ties  in  granular  soil  mass. 

2U.  To  achieve  the  purposes,  two  instrumented  reinforced  earth 
retaining  walls  were  constructed  and  surcharge  loaded  to  failure  at  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES).  Each  wall  was 
16  ft  long,  10  ft  deep,  and  12  ft  high.  The  first  wall  was  reinforced 
by  strips  made  of  heavy-duty  neoprene-coated  nylon  fabric  membrane,  and 
the  other  wall  was  reinforced  by  galvanized  steel  strips;  concrete  sand 
i*as  used  as  backfill  material  in  both  retaining  walls. 
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PART  II:  THEORETICAL  CONSIDERATION  OF 

REINFORCED  EARTH  MATERIAL 


25.  The  exact  state  of  stress  in  a reinforced  earth  mass  is  not 
known  and  any  attempt  to  solve  the  problem  mathematically  may  involve 
several  simplifying  assumptions  which  may  or  may  not  be  compatible  with 
actual  events.  However,  if  soil  deformation  is  considered,  it  may  be 
possible  to  set  a range  within  which  soil  behavior  can  be  characterized. 


Basic  Concept 


26.  Let  A be  a soil  element  within  a dry  cohesionless  semi- 
infinite homogeneous  mass,  as  shown  in  Figure  la,  acted  upon  by  vertical 
stress  o^*  and  horizontal  stress  . If  the  vertical  stress  is  in- 
creased without  changing  the  lateral  strain  e.  , then  the  horizontal 

n 

stress  may  be  increased  proportionately  to  the  vertical  stress. 


(1) 


where  kQ  is  the  coefficient  of  earth  pressure  at  rest,  and  the  state 
of  stress  with  the  element  A is  said  to  be  under  at-rest  condition. 

27*  Theoretical  study  by  Jaky^  and  subsequent  experimental  tests 
have  shown  that  kQ  can  be  expressed  as 

k * 1 - sin  (2) 

where  is  the  effective  angle  of  internal  friction. 

28.  If  the  vertical  stress  is  increased  such  that  the  soil  ele- 
ment A starts  to  compress  in  the  vertical  direction  and  expand  in  the 

horizontal  direction,  then  the  shear  stress  will  increase  and  o.  may 

n 

change  slightly  as  shown  in  Figure  lb.  However,  there  is  a limit  beyond 


For  convenience,  symbols  and  unusual  abbreviations  are  listed  and 
defined  in  the  Rotation  (Appendix  A). 


FAILURt 

PLANES 


a.  AT-REST  CONDITION 


b.  ACTIVE  CONDITION 


INTERNAL 

REINFORCEMENT 


c.  RIGID  LATERAL  SUPPORT 


d.  REINFORCED  EARTH 


Figure  1.  Schematic  of  soil  element  under  different  conditions 


which  any  increment  in  the  vertical  stress  may  cause  the  soil  to  fail  in 
shear,  and  the  relationship  between  oh  and  oy  under  such  limiting 
conditions  may  be  expressed  as 


whara  Is  the  coefficient  of  active  earth  pressure  and  the  state  of 
stress  at  point  A is  said  to  be  in  the  active  condition.  For  eohe- 
slonless  soil  k may  be  expressed  as 


(4) 


k 


a 


1 - sin  4> 
1 + sin  $ 


(45  - f) 


29.  By  examining  Equations  2 and  4,  it  can  be  seen  that  the  value 

of  k is  higher  than  k for  any  realistic  value  of  $ . This  implies 
that  in  order  to  prevent  failure,  the  lateral  strain  which  induces 

shear  stress  must  be  prevented  or  reduced  to  minimum  value.  This  can  be 
achieved  by  increasing  the  lateral  stress  such  that  the  coefficient 

of  earth  pressure  k may  satisfy  the  following: 

k < k < k (5) 

a o 

where  k is  the  ratio  of  o.  to  c at  any  state  of  stress  between 

h v 

the  active  and  the  at-rest  condition. 

30.  Two  approaches  can  be  used  to  prevent  excessive  lateral  de- 
formation. The  first  approach  is  to  prevent  boundary  movement  using 
massive  nonyielding  structures  as  in  the  case  of  conventional  retaining 
walls  (see  Figure  lc)  such  that  the  lateral  deformation  of  the  rigid 
structure  is  negligible  compared  to  the  deformation  of  soil  mass  under 
active  failure.  The  lateral  restraint  by  the  retaining  wall  maintains 
a high  confining  pressure  relative  to  that  which  occurs  under  active 
conditions  and  results  in  shear  stresses  below  that  needed  to  create 
failure.  The  second  approach  is  to  restrain  lateral  deformation  in- 
ternally by  reinforcing  the  soil  with  frictional  and  high-tension  mate- 
rial. In  this  case  (see  Figure  Id)  the  needed  confining  pressure  to 
offset  lateral  deformation  is  provided  by  the  frictional  forces  between 
the  reinforcing  material  and  the  soil.  It  must  be  noted  that  the  prob- 
lem of  determining  the  stresses  within  the  reinforced  earth  system  is 
highly  indeterminant  and  depends  upon  the  physical  properties  and  the 
geometry  of  both  the  soil  and  the  reinforcing  material  and  the  inter- 
action between  them.  Therefore,  reasonable  simplifying  assumptions  are 
necessary  if  rational  practical  solutions  for  reinforced  earth  problems 
are  to  be  obtained. 
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31.  The  reinforced  earth  wall,  shown  schematically  in  Figure  2, 
consists  of  three  major  components:  the  backfill  material,  the 
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Figure  2.  Schematic  of  major  elements  of  reinforced  earth  wall 


w/ti HPMHi 


reinforcing  elements,  and  the  skin  element.  The  backfill  material  usu- 
ally consists  of  free-draining  material  whose  strength  depends  on  the 
frictional  forces  between  the  particles  rather  than  the  cohesion  of  the 
mass.  Thus  any  material  with  a relatively  high  angle  of  internal  fric- 
tion such  as  sand  and  gravel  with  less  than  15  percent  fines  is  a suit- 
able backfill  material.  The  backfill  is  commonly  placed  in  horizontal 
layers  of  constant  thickness  and  density. 

32.  The  reinforcing  elements  generally  consist  of  thin  but  rela- 
tively wide  and  very  long  strips  which  possess  a rough  frictional  sur- 
face and  high  tensile  strength  (e.g.  metal,  fiberglass,  etc.).  These 
reinforcing  elements  provide  the  additional  needed  strength  to  the  back- 
fill material  in  a manner  similar  to  steel  in  a reinforced  concrete 
structure.  As  shown  in  Figure  2,  the  reinforcing  elements  are  placed  in 
a regular  spacing  in  both  the  vertical  and  horizontal  directions.  In 
special  types  of  structures,  a reinforced  element  may  also  be  placed  in 
the  transverse  direction.  Reinforcing  elements  are  not  necessarily 
limited  to  thin  long  strips;  wide  reinforcing  sheets  that  cover  the 
whole  backfill  layers  or  reinforcing  bars  have  also  been  used. 

33.  The  skin  is  used  to  protect  the  surface  of  the  wall  and  to 
prevent  raveling  of  the  backfill  material  (raveling  could  destroy  the 
integrity  of  the  structure).  Because  the  skin  element  does  not  contri- 
bute to  structural  stability  of  the  retaining  wall,  it  does  not  need  to 
be  rigid.  The  skin  element  can  be  constructed  of  metal  plates  connected 
together,  as  shown  in  Figure  2,  or  thin  metal  sheets  curved  in  an  ellip- 
tic or  circular  shape  between  rows  of  reinforcing  elements,  or  made  from 
precast  or  reinforced  concrete  slabs.  The  reinforcing  elements  are 
bolted  or  hooked  to  the  skin  element  by  means  of  brackets  (see  Figure  2). 

Theoretical  Consideration  of  Reinforced  Earth  Walls 

31*.  The  major  difficulties  in  the  analysis  of  reinforced  earth 
retaining  walls  occur  because  the  distribution  of  horizontal  stress 
within  the  fill  material  and  the  influence  of  the  reinforcing  material 
on  the  distribution  of  these  stresses  are  not  known.  Thus,  in  order  to 


arrive  at  an  approximate  determination  of  the  horizontal  thrust  acting 
on  the  wall  under  static  condition,  it  is  necessary  to  make  several 
simplifying  assumptions: 

a.  During  construction,  the  wall  is  free  to  move  laterally  a 
sufficient  amount  (0.0025  H)  to  create  a limiting  equilib- 
rium condition  within  the  backfill  material  behind  the 
wall.  This  assumption  permits  use  of  the  classical  earth 
pressure  theories  such  as  those  of  Rankine  and  Coulomb. 

b.  The  lateral  movement  of  the  wall,  regardless  of  how  small, 
may  generate  through  friction  enough  confining  pressure  on 
the  reinforcing  elements  such  that  the  net  shear  stress 
within  the  backfill  is  less  than  its  maximum  strength. 

£.  The  wall  is  frictionless  so  that  there  is  no  significant 
transfer  of  vertical  stresses  from  the  backfill  material 
to  the  wall.  Under  such  conditions,  the  vertical  and 
horizontal  stresses  are  equivalent  to  the  major  principal 
stress  and  minor  principal  stress  , respectively. 

dL  The  shear  stress  generated  from  the  frictional  forces  is 
fully  mobilized  along  the  effective  length  of  the  rein- 
forcing elements. 

e.  The  backfill  material  is  level  and  surcharge  load  exerts 
uniformly  distributed  pressure. 

The  validity  of  these  assumptions  and  their  practical  significance  will 
be  discussed  later  herein. 


Stress  Analysis  Using  Rankine  Theory 

35*  Rankine  theory  is  based  on  the  assumption  that  a conjugate 
relationship  exists  between  the  vertical  and  lateral  stresses  vlthin 
the  soil  adjacent  to  the  retaining  vail.  It  assumes  that  the  presence 
of  the  retaining  wall  introduces  no  change  in  the  shearing  stress  at 
the  surface  of  contact  betveen  the  backfill  material  and  the  vail. 

Thus  the  theory  is  applicable  to  vertical  retaining  vails  with  smooth 
surfaces. 

36.  Assume  that  Figure  3 represents  a vail  with  a smooth  friction- 
less contact  surface  inclined  at  an  angle  a from  the  vertical,  re- 
taining a homogeneous  cohesionless  fill,  with  its  surface  inclined  at 
an  angle  i vlth  the  horizontal,  and  supporting  a surcharge  vith 
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Figure  3.  Pressure  distribution  according  to  Rankine  theory 


uniform  intensity  q . The  thrust  acting  on  the  wall  F is  the  resul- 
tant of  two  forces:  the  gravity  force  W acting  downward  which  repre- 

sents the  weight  of  the  wedge  ACD  and  the  surcharge  load  acting  on 
it,  and  a force  P representing  the  total  pressure  acting  on  the  ver- 
tical plane  AC  . 


According  to  Rankine' 8 theory,  the  pressure  p at  any  point  B at 
depth  d is  conjugate  to  the  vertical  pressure  at  that  point  where 

oy  ■ yd  ♦ q (7) 

where  y is  the  unit  weight  of  the  backfill  material.  Using  Mohr's 


theory  and  the  concept  of  conjugate  stresses,  it  is  possible  to  show 
that 


p = (yd  + q)  cos  i 
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where  $ is  the  angle  of  internal  friction  and  p acts  parallel  to  the 
slope  of  the  backfill  soil.  The  horizontal  component  of  p may  be  ex- 
pressed as 

, . . v 2 . cos  i -Vc osi-cos7  /_\ 

o = p cos  1 * (yd  + q)  cos  i ^ 

cos  i +Vcos‘;  i - cos^  <f> 

If  the  backfill  material  has  a horizontal  slope,  then  cos  i becomes 
unity  and  Equation  9 becomes 

°h  = (Yd  + qXl  V s~iS  f = ka(Yd  + q)  (10) 

37.  It  must  be  noted  that  Pankine's  theory  is  not  applicable  when 
there  is  friction  between  the  surface  of  the  wall  and  the  backfill  soil; 
consequently,  it  cannot  provide  a unique  solution  in  the  mathematical 
sense,  nor  is  it  kinematically  admissible. 

Stress  Analysis  Using  Coulomb's  Theory 

38.  Coulomb's  theory  considers  the  overall  stability  of  the  en- 

tire retaining  wall.  Thus  it  is  much  more  general  than  the  Rankine 
theory  since  it  is  not  confined  to  any  geometry  or  physical  properties 
of  the  backfill  material  or  the  wall.  The  theory  is  based  on  two  major 
assumptions:  first,  the  failure  surface  is  plane  and  acted  upon  by 

uniform  shear  stress;  second,  the  backfill  thrust  on  the  wall  acts  in 
some  known  direction. 
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39-  Assume  the  same  retaining  wall  shown  in  Figure  3,  which  is 
redrawn  in  Figure  U,  to  be  analyzed  by  Coulomb's  theory.  Let  AC  be 


i 


any  failure  plane  in  the  backfill  mass  inclined  at  an  angle  0 from  the 
horizontal.  Let  5 be  the  angle  between  the  thrust  for  P'  and  the 
normal  to  the  wall  and  let  h be  the  normal  distance  from  the  backfill 
surface  CD  to  point  A . Other  variables  have  been  defined  previ- 
ously. Since  an  active  case  is  considered,  the  lateral  force  F'  acts 
at  angle  $ to  the  normal  of  the  failure  plane.  The  force  W is  the 
sum  of  vertical  forces 

W'  *W  + Q-  ^hDCY  + qDC»|h  DC(y  + (ll) 

or 


V « | h DC  y'  (12) 


where  y'  is  a composite  unit  weight  which  considers  the  influence  of 
the  dead  weight  of  the  soil  and  the  surcharge. 

40.  With  W'  known  in  magnitude  and  direction,  P'  and  F'  are 
known  in  direction;  the  magnitude  of  P'  and  F'  can  be  easily  ob- 
tained from  the  force  polygon  shown  in  Figure  U.  It  must  be  noted  that 
the  direction  of  both  P'  and  F'  are  known  in  terms  of  arbitrary 
angle  0 . Using  the  law  of  sines,  it  can  be  shown  that 


41.  The  maximum  value  of  P'  can  be  obtained  by  setting  the 
derivative  of  P'  with  respect  to  0 to  be  equal  to  zero.  Using  the 
procedure  credited  to  Rebhann  by  Taylor, ^ the  thrust  P'  acting  on 
the  wall  can  be  expressed  as 


where  K'  is  equal  to 


Knowing  the  value  of  P'  the  value  of  0 can  be  determined  using 
Equation  13. 

1*2.  If  the  backfill  material  is  horizontal  and  the  wall  is  verti 
cal,  then  Equation  15  may  be  reduced  to 


If  the  wall  is  smooth  and  frictionless,  then  6 ■ 0 and  Equation  16 
becomes 


(1  + sin  $)‘ 


1 - sin 
1 + sin  4 


From  Equation  17  it  is  clear  that  for  a smooth  vertical  wall  with  hori- 
zontal backfill,  both  Rankine  and  Coulomb  theories  provide  the  same 
value  for  earth  pressure  coefficient. 

Earth  Pressure  Theories  and  Reinforced  Earth  Wall 

43.  One  of  the  major  advantages  of  reinforced  earth  walls  is 
that  they  are  flexible.  It  has  been  indicated  by  Terzaghi"^  that  out- 
side movement  on  the  order  of  0. 5-1.0  percent  of  the  wall  height  is 
enough  to  create  an  active  zone  in  the  fill  material.  Consider  a 
simple  retaining  wall  with  horizontal  backfill  and  vertical  friction- 
less wall  as  shown  in  Figure  5.  According  to  both  Rankine  and  Coulomb 
theories,  the  horizontal  stress  at  any  depth  d from  the  surface  of 
the  backfill  may  be  expressed  as 


k (yd  + q) 
» 


where  y is  the  unit  weight  of  soil,  q is  intensity  of  surcharge  load, 

and  k is  the  coefficient  of  active  earth  pressure. 

44.  Assuming  that  the  reinforcing  ties  are  placed  in  a regular 

pattern,  as  shown  in  Figure  2,  with  horizontal  and  vertical  spacing  S 

and  S , respectively,  the  total  horizontal  thrust  F acting  on  an 
z n 

area  bounded  by  S S at  d distance  below  the  surface  may  be  ex- 
X z 

pressed  as 


B 5 

■it 


°hdzdx  " ka(Yd  + *)SXS2 


45 . In  order  to  satisfy  equilibrium  conditions  along  the  y axis, 
the  horizontal  thrust  of  the  backfill  material  at  the  surface  of  the 
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erh=Km(7H+H) 


b.  PRESSURE 
DISTRIBUTION 


o.  FAILURE  ZONE 


Figure  5.  Pressure  distribution  according  to  Rankine  theory 


where  Td  is  the  tensile  force  in  the  reinforcing  tie. 

b6.  It  is  clear  from  Equation  20  that  T.  takes  a maximum  value 

<1 

when  the  depth  d assumes  the  full  height  of  the  wall  H ; thus. 


backfill  should  be  equal  to  the  tension  force  in  the  ties.  Consequently, 
the  tension  force  carried  by  a single  tie  at  depth  d is 


(20) 


max 


ka(YK  + q)SxSz 


(21) 


The  knowledge  of  the  tensile  force  and  the  tensile  strength  of  the  re- 
inforcing ties  enables  the  determination  of  the  size  of  the  reinforcing 
elements. 


PART  III:  DEMONSTRATION  TESTS  AND  CONSTRUCTION 


Materials  Used 

1*7-  The  reinforced  earth  model  test,  like  any  other  small-scale 
test,  is  not  totally  reliable  since  it  is  subject  to  unknown  scale  ef- 
fect. Thus,  in  order  to  avoid  scale  effects,  two  full-scale  demonstra- 
tion tests  were  conducted  at  WES  to  determine  the  behavior  of  reinforced 
earth  retaining  walls  during  construction  and  at  failure.  Each  wall 
(see  Figure  5)  was  12  ft  high,  l6  ft  long,  and  10  ft  deep;  the  first 
one  was  reinforced  with  heavy-duty  nylon  fabric  coated  with  rubber,  and 
the  other  was  reinforced  with  galvanized  steel.  For  both  walls,  alumi- 
num landing  mat  was  used  as  skin  element  and  commercial  concrete  sand 
was  used  as  the  backfill  material. 

Nylon  fabric  coated  with  rubber 

U8.  The  nylon  base  fabric  was  a single-ply  weave,  woven  from  an 
8 U 0-denier  continuous  filament  nylon  yarn  (polyamide  of  polyhexamethy- 
lene  adipamlde).  The  coating  was  a synthetic  material  made  of  com- 
pounded chloroprene  synthetic  rubber  to  impregnate  and  coat  the  nylon 
fabric.  The  membrane  used  was  made  of  heavy-duty  b-ply  nylon  fabric 
coated  with  5 oz  of  neoprene  to  the  square  yard  and  was  cut  into  strips 
U in.  wide  and  10  ft  long. 

U9.  The  stress-strain  relation  for  the  membrane  was  determined 

from  tension  tests  conducted  at  WES.  Various  widths  of  membrane  were 
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tested  using  both  the  Webbing  Capstan  Grip  Test  to  obtain  the  ultimate 

s8 

strength  and  the  Modified  Grab  Test7  to  obtain  both  the  ultimate 
strength  and  the  stress-strain  curve.  Figure  6 shows  that  the  ultimate 
strength  of  the  membrane  increases  rapidly  with  increasing  width  and 
becomes  almost  constant  when  the  width  exceeds  1/2  in.  The  average 
stress-strain  curve  shown  in  Figure  7 is  concave  upward  with  tangent 
modulus  Ej.  increasing  rapidly  when  the  axial  strain  exceeded  15  per- 
cent. The  ultimate  strength  of  the  membrane  was  equal  to  lb, 500  psi 
at  an  axial  strain  of  25 • 3 percent. 
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NOTE:  SCALE  EFFECTS  ARC  PRESENT  WHEN 

MEMBRANE  WIDTH  IS  LESS  THAN  0.5  M. 


I I 1 I 1 I I 


Galvanized  steel 

50.  The  reinforcing  steel  strips  used  in  the  test  program  were 
made  from  galvanized  zinc-coated,  2U-gage,  high-tensile  steel.  Each 
strip  was  0.025  in.  thick,  U in.  wide,  and  10  ft  long.  Several  modi- 
fied grab  tests  with  linear  variable  differential  transformers  (LVDT) 
were  conducted  on  1/2-in. -wide  galvanized  steel  strips  at  WES  to  deter- 
mine the  elastic  properties.  The  resulting  average  stress-strain  re- 
lationship is  shown  in  Figure  8.  The  curve  shows  the  classical  stress- 
strain  curve  with  modulus  of  elasticity  E * 31.1  * 10^  psi  and 
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AXIAL  STRAIN,  % 

Figure  8.  Average  stress-Btrain  relationship  for  the 
galvanized  steel  strips 


tensile  yield  stress  o * 51.0  ksi. 

Skin  elements 

51.  The  skin  elements  were  made  of  Alcoa  Til  high-strength  alumi- 
num landing  mat  panels  such  as  are  used  in  the  expedient  construction 

of  airfields.  Each  panel  is  2 ft  vide,  12  ft  long,  and  1.6  in.  thick 

and  can  be  easily  connected  lengthwise  to  each  other  by  a hinge-type 

connection.  The  panel,  shown  in  Figure  9a.  consists  essentially  of 

eight  aluminum  T sections,  1.5  in.  high  and  placed  equidistant  from 

each  other.  The  webs  of  the  T sections  are  welded  to  a 0.1-in.  plate 

(Figure  9b)  made  of  high-strength  alloy  (7005)  with  yield  strength  of 

U6.000  psi.  The  total  weight  of  the  panel  is  3.8  psf.  A more  detailed 
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description  of  Alcoa  Til  mat  is  presented  by  Carr. 

52.  The  reinforcing  elements  were  fixed  to  the  skin  element 
through  a connector  as  shown  in  Figure  10.  The  connector  consisted  of 
double  angles;  each  was  1-1/2  by  3 by  1/1*  in.  and  12  in.  long,  and  two 
l/l*-in.  bolts  were  used  to  grip  the  reinforcing  element.  The  connector 
was  inserted  inside  the  gap  formed  by  two  adjacent  T sections  of  the 
aluminum  panels  that  formed  the  skin  element.  This  type  of  connection 
was  simple  to  construct  and  proved  to  be  satisfactory  as  long  as  the 
skin  element  exhibited  very  little  or  no  bending  deformations. 

Backfill  material 

53.  The  backfill  material  used  in  the  construction  of  the  proto- 
type reinforced  earth  retaining  walls  was  clean  concrete  sand  with 
particles  ranging  from  subangular  to  angular  and  with  grain-size  dis- 
tribution as  shown  in  Figure  11.  Other  physical  properties  of  the  sand 
were  as  follows: 

Specific  gravity,  G -2.66 

' s 

Maximum  dry  unit  weight,  y * 117.7  pcf 

max 

Minimum  dry  unit  weight,  Ym^n  * 98.2  pcf 

Coefficient  of  uniformity,  C ■ 2 


Mean  diameter,  D, 


0.5  mm 


Laboratory  Tests 

5U.  Several  laboratory  tests  were  conducted  at  WES  prior  to  the 
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a.  Bottom  of  ribbed  panel  of  Alcoa  Til  mat 


CONNECTORS 


b.  Composite  view  of  Alcoa  Til  mat 


Figure  9.  Details  of  the  skin  element 


2-13/16 


Figure  11.  Grain-size  distribution  curve  for  the  backfill  material 


construction  of  the  retaining  vails  to  determine  the  angle  of  internal 

friction  of  the  backfill  sand  $ as  well  as  the  skin  friction  angle 

between  the  dry  sand  and  the  reinforcing  material. 

Determination  of  $ 
for  the  backfill  material 

55.  The  shear  strength  of  the  sand  was  determined  by  direct  shear 
test  on  3-in. -square  specimens,  1/2  in.  high.  Sand  was  placed  in  the 
shear  box  and  compacted  to  a dry  density  of  101.7  pcf.  The  in-place 
backfill  material  had  an  average  water  content  of  U.5  percent  and  an 
average  dry  density  of  97.5  pcf  (see  Table  l).  The  differences  between 
these  values  and  the  laboratory  dry  density  of  101.7  pcf  are  not  be- 
lieved to  have  significantly  influenced  the  results  obtained  for  + or 
. Three  direct  shear  tests  were  conducted  with  constant  normal 
pressures  of  50,  100,  and  166  psi,  respectively.  The  rate  of  shear 
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strain  used  vas  0.5  in.  per  min.  Results,  shown  in  Figure  12,  indicate 
a linear  failure  envelope  passing  through  the  origin  with  slope  <J> 
equal  to  36  deg. 


NOTE  < THE  NUMBERS  INDICATE 

SHEAR  STRAIN  AT  FAILURE 
IN  PERCENT. 


Figure  12.  Direct  shear  test  results  for  concrete  sand  (y,  * 101.7  pcf) 


Skin  friction  test 

56.  The  angles  of  skin  friction  between  the  sand  and  the  galva- 
nized steel  and  the  sand  and  the  heavy-duty  h-ply  nylon  fabric  coated 
membrane  were  determined  using  a specially  designed  shear  box.  The 
shear  box  is  similar  to  the  standard  shear  box^  except  that  the  lover 
frame  vas  replaced  by  a sheet  of  the  reinforcing  material  (i.e.,  galva- 
nized steel  or  membrane)  glued  to  a wooden  block  as  shown  in  Figure  13. 

57.  Sand  vas  compacted  in  the  shear  box  to  a dry  density  of 
101.7  pcf.  Three  direct  shear  tests  vere  conducted  with  normal  stresses 


note:  numbers  indicate  shear  strain 

AT  FAILURE  IN  PERCENT. 
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NORMAL  STRESS  (T,  TSF 


NORMAL  FORCE 


UPPER  FRAME 


REINFORCING  MATERIAL 
(GALVANIZED  STEEL  OR 
MEMBRANE) 


Figure  13.  Modified  shear  box  for  determining  skin  friction  angle 
between  the  sand  and  the  reinforcing  material 


of  10,  50,  and  100  psi,  respectively,  at  a shear  strain  rate  similar  to 
that  used  for  the  sand.  Results,  presented  in  Figure  lh,  indicate  an 


Figure  l1*. 


Skin  friction  tests  between  the  concrete  sand  and  the 
galvanized  steel  (yd  * 101.7  pcf) 


angle  of  skin  friction  of  18  deg  between  the  sand  and  the  galvanized 

steel.  Similar  tests  revealed  that  the  angle  of  skin  friction  between 
the  membrane  and  the  sand  was  30  deg  (Figure  15),  which  is  much  higher 
than  that  between  the  sand  and  the  galvanized  steel. 


Figure  15.  Skin  friction  tests  between  the  concrete  sand  and  the 

membrane  (>,  • 101.7  pcf) 
d 

Construction  of  the  Retaining  Walls 

58.  Two  retaining  walls,  one  reinforced  with  membrane  and  the 
other  with  galvanized  steel,  were  constructed  on  the  eastern  edge  of 
the  WES  grounds  in  a test  area  known  locally  as  Miller's  Ridge.  The 
test  area  consisted  of  a sharply  sloping  bank  of  lean  clay  approximately 
200  ft  long  and  10  ft  high. 

Excavation 

59*  The  test  area  was  cleared  and  excavation  was  begun  during 
the  latter  part  of  May  and  completed  on  lU  June  1971*.  A backhoe  was 
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used  to  excavate  a rectangular  hole  16  ft  long,  12  ft  deep,  and  10  ft 
wide  as  shown  in  Figure  l6  and  the  inside  walls  were  then  smoothed  by 


Rough  excavation  of  the  test  pit  using  backhoe 


an  open-end  loader  a3  shown  in  Figure  17.  While  excavating  the  pit  for 
the  membrane-reinforced  earth  retaining  wall,  an  old  drainage  pipe  was 
uncovered  on  the  north  side  of  the  pit.  As  the  drainage  pipe  was  re- 
moved, the  wall  sloughed  off  making  the  pit  17  ft  long  at  the  front 
face.  In  order  to  bring  the  length  of  the  pit  back  to  16  ft,  a strong 
panel  of  landing  mat  was  placed  vertically  on  end  at  the  edge  of  the 
pit  and  anchored  firmly  by  steel  wire. 

Construction  procedure 

60.  Prior  to  placing  the  skin  elements  (i.e.  Alcoa  Til  landing 
mats),  the  sides  of  the  excavated  pits  were  covered  with  6-mil-thick 
polyethylene  sheets  to  reduce  friction  and  possible  arching  between  the 
sand  and  the  pit.  Two  panels  of  the  skin  element,  total  height  of  It  ft 
were  used  to  close  the  front  of  the  pit  with  the  bottom  panel  braced 


Figure  17.  Test  pits  after  walls  were  smoothed  by  front-end  loader 


firmly  in  a vertical  position.  The  second  panel  was  positioned  verti- 
cally on  the  top  of  the  first  panel  and  held  firmly  to  vertical  panels 
placed  on  both  edges  of  the  pits  using  "c"  clamps  as  shown  in  Figure  18. 
After  securing  the  first  two  panels  of  the  skin  element,  the  sand  was 
dumped  in  the  test  pit  using  a front-end  loader. 

6l.  The  sand  was  placed  in  a manner  to  simulate  expedient  con- 
struction in  the  field.  The  sand  was  placed  in  the  test  pit  in  1-ft 
lifts  and  spread  evenly  by  hand  without  compaction.  The  reinforcing 
strips  were  connected  to  the  double  angle  connectors  which  were  anchored 
to  the  skin  element,  then  stretched  evenly  and  level  on  the  surface  of 
the  sand  as  shown  in  Figure  19.  Prior  to  placing  the  second  lift  of 
sand,  the  instrumented  reinforcing  ties  were  covered  with  sand  to  pro- 
tect the  strain  gages.  Pressure  cells  were  carefully  installed  near 
the  center  line  of  the  wall  with  one  cell  placed  horizontally  to  measure 
the  vertical  stress  and  the  other  placed  vertically  to  measure  the 
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Figure  18.  Securing  the  skin  element  and  placing  sand  in  the  pit 


Figure  19-  Reinforcing  strips  spread  evenly  on  surface  of  sand 
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horizontal  stress  as  shown  in  Figure  20.  The  pressure  cells  were  checked 


Figure  20.  Installation  and  checking  of  pressure  cell 
during  construction 


electrically  to  ensure  proper  performance  and  were  covered  with  1 ft  of 

sand  before  placing  the  second  lift  of  sand.  The  second  lift  of  sand 

was  placed  and  leveled  by  hand  and  the  "c"  clamps  were  removed  from  the 

vertical  panels.  This  construction  process  was  repeated  for  each  lift 

until  the  retaining  wall  was  12  ft  high. 

Density  and  moisture 
control  during  construction 

62.  No  serious  attempt  was  made  to  control  the  density  of  the 
backfill  sand  during  the  construction  of  the  retaining  wall  except  that 
the  surface  of  the  sand  was  leveled  between  lifts.  In  order  to  deter- 
mine the  density  and  moisture  distribution  of  the  backfill  material, 
three  soil  specimens  were  obtained  from  each  lift  using  the  Military 
Standard  drive  cylinder. ^ A summary  of  the  average  density  and  water 
content  for  each  sand  lift  during  the  construction  of  the  reinforced 


earth  retaining  walls  is  presented  in  Table  1.  The  table  shows  that  the 
overall  average  water  content  and  density  of  the  backfill  sand  were  ap- 
proximately the  same  in  both  retaining  walls.  The  maximum  deviation 
from  the  average  value  was  l.U  percent  for  the  water  content  and  2.2  pcf 
for  the  density.  This  deviation  was  acceptable  since  no  quality  control 
procedure  had  been  used  during  the  construction  of  the  two  retaining 
walls. 

Instrumentation 

63.  In  order  to  determine  the  behavior  of  the  reinforced  earth 
retaining  walls  during  construction  and  surcharge  loading,  an  instrumen- 
tation scheme  was  devised.  Instrumentation  used  in  monitoring  stresses 
and  deformations  consisted  of  pressure  cells  to  measure  vertical  and 
lateral  soil  stresses,  strain  gages  to  measure  tensile  strains  of  the 
reinforcing  strips,  and  gage  points  to  determine  the  outward  movement 
of  the  skin  elements. 

Pressure  cells 

6h.  Three  pairs  of  WES  pressure  cells  were  used  to  measure  the 
vertical  and  horizontal  stresses  along  the  center  line  of  the  wall  at 
a distance  of  1 ft  from  the  skin  element.  The  location  of  the  pressure 
cells  within  the  backfill  material  is  shown  schematically  in  Figure  21. 
The  actual  installation  of  the  pressure  cells  in  the  sand  is  shown  in 
Figure  20. 

65.  The  basic  components  of  the  WES  pressure  cell  are  a mercury- 
filled  chamber  and  a diaphragm  instrumented  vith  a full  Wheatstone 
bridge  circuit  as  shown  in  Figure  22.  Both  the  mercury  chamber  and  the 
instrumented  diaphragm  are  hermetically  sealed  vithin  a cell  casing  made 
of  Ry  cut  50  Hot  Roll  Ul47-50  steel  and  covered  by  a steel  plate  which 
is  screwed  to  the  body  of  the  cell  as  shown  in  Figure  23.  The  pressure 
applied  to  the  cover  plate  is  transmitted  through  the  mercury  chamber 
to  the  flexible  diaphragm,  causing  it  to  deflect  in  proportion  to  the 
applied  pressure.  The  strain  in  the  diaphragm  actuates  the  strain  gages 
which  produce  change  in  the  electric  resistance  proportional  to  the 
applied  external  pressure.  The  pressure  cells  were  calibrated  and 
checked  prior  to  installation. 
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Strain  gages  on  reinforcing  strips 

66.  Because  of  cost  and  time  limitations,  only  three  strips  lo- 
cated along  the  center  line  of  the  retaining  wall  were  instrumented. 

A schematic  drawing  showing  the  location  of  the  strain  gages  along  the 
instrumented  strips  is  presented  in  Figure  2k.  The  strain  gages  at  each 


TOP  STRAIN  CAGE  BRIDGES 


BOTTOM  STRAIN  GAGE  BRIDGES 


REINFORCING  STRIPS 


Figure  2k.  Schematic  showing  the  location  of  the  electric  strain  gage 
bridges  along  the  center  line  of  the  retaining  wall 

location  consisted  of  two  complete  Wheatstone  bridges  on  both  the  top 
and  bottom  of  the  reinforcing  strip.  Such  an  arrangement  enabled  mea- 
surements of  tensile  strains  due  to  direct  tension  as  well  as  bending 
strains  at  that  particular  location.  Each  electric  bridge  consisted  of 
four  BLH  strain  gages  with  two  active  gages  in  the  longitudinal  direc- 
tion and  two  d\mmy  gages  in  the  transverse  direction  of  the  reinforcing 


A ACTIVE  GAGE 
I INACTIVE  GAGE 


strips.  Figure  25  shows  the  circuit  diagram  of  an  individual  electric 
bridge.  All  electric  strain  gage  bridges  were  connected  to  an  SR-U 
strain  indicator  through  a switching  unit.  Actual  strains  were  calcu- 
lated from  the  strain  gage  readings  using  a gage  factor  of  2.5.  The 
tensile  stresses  were  calculated  from  the  measurements  of  strains  and 

Hooke's  Law  using  a modulus  of  elasticity  E for  the  galvanized  steel 

6 * 

equal  to  31.1  * 10  psi. 

Lateral  displacement  measurements 

67.  The  outward  movement  of  the  wall  during  construction  and 


b.  COMPLETE  BRIDGE 

Figure  25.  Wiring  and  circuit  diagram  for  the  strain  gages 
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surcharge  loading  was  measured  on  the  reinforced  earth  walls.  Graduated 
rules  were  attached  to  the  skin  element  along  the  center  line  of  the 
wall  at  the  same  elevation  of  the  reinforcing  strips  as  shown  in  Fig- 
ure 26.  A transit  located  about  200  ft  away  was  used  to  read  changes 
in  skin  element  deformation  at  every  lift  placement  during  construction 
and  every  two  weeks  during  the  period  between  the  end  of  construction 
and  surcharge  loading.  Figure  27  shows  the  wall  with  the  graduated 
rules  attached  prior  to  surcharge  loading. 
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Figure  27.  Reinforced  earth  retaining  wall  prior 
to  surcharge  loading 
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PART  IV:  SURCHARGE  LOADING  AND  FAILURE 


I 


68.  Two  reinforced  earth  retaining  walls  were  constructed  at  WES 
as  a demonstration  project.  These  two  walls  were  identical  except  that 
one  was  reinforced  with  0.08-in. -thick  heavy-duty  neoprene-coated  mem- 
brane strips  placed  ft  apart  in  the  horizontal  direction,  while 
0.02U-in.  galvanized  steel  strips  placed  2.5  ft  apart  were  used  for  the 
other  wall.  The  construction  procedure  was  identical  except  that  the 
retaining  wall  reinforced  with  membrane  strips  failed  when  the  height 
reached  11  ft,  while  the  wall  reinforced  with  the  galvanized  strips  did 
not  fail  when  the  full  height  (i.e.  12  ft)  was  reached. 

Surcharge  Loading 


69.  After  the  desired  height  of  12  ft  was  reached  for  the  steel- 
reinforced  wall,  it  was  decided  to  surcharge  load  it  to  failure  at  some 
later  date.  The  wall  was  covered  with  thin  plastic  membrane  to  protect 
it  from  weathering  conditions,  and  it  remained  undisturbed  for  two 
months.  When  the  plastic  membrane  was  removed,  it  't/as  observed  that  a 
crack  extending  the  entire  width  of  the  wall  had  developed  approximately 
5-1/2  ft  from  the  skin  element  (see  Figure  28).  Other  surface  cracks 
were  noted  around  the  perimeter  of  the  backfill. 

TO.  Prior  to  surcharge  loading,  landing  mat  sections  (2  by  12  ft 
and  2 by  U ft)  were  placed  on  the  backfill  surface  to  permit  more  uni- 
form distribution  of  surcharge  load.  These  mats  were  placed  side  by 
side  parallel  to  the  wall,  but  were  not  connected  to  each  other  in  order 
to  allow  relative  movements  of  the  fill  during  loading.  Surcharge  load- 
ing was  imposed  on  the  wall  by  using  1-ton  lead  weights  measuring  2 by 
2 by  0.75  ft  each.  These  weights  were  placed  in  a checkerboard  fashion 
as  shown  in  Figure  29.  The  first  load  increment  consisted  of  placing 
weights  1 through  20,  which  was  equivalent  to  250  psf  of  surcharge  pres- 
sure. After  veight  20  was  placed,  readings  of  pressure  cells,  strain 
gages,  and  the  lateral  deformation  along  the  center  line  of  the  skin 
elements  were  recorded.  The  second  sequence  of  lead  weights,  which 
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Figure  28.  Development  of  surface  cracks  two  months  after 
the  construction  of  the  wall 
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LEAD  WEIGHTS 

Figure  29-  Sequence  of  placing  lead  weights  for  the  first,  second, 
and  third  layers  of  surcharge  loading 


included  weights  21  through  1*0  as  shown  in  Figure  29,  were  placed  to 
fill  the  empty  spaces  of  the  checkerboard  pattern  and  form  a complete 
layer  of  weights.  At  this  point  the  surcharge  pressure  was  approxi- 
mately equal  to  500  psf  and  another  set  of  instrumentation  readings  was 
recorded.  The  same  procedure  was  followed  for  the  succeeding  layers  of 
weights  until  the  failure  of  the  wall  occurred  at  about  1500  psf  of 
surcharge  pressure.  For  safety  purposes  cables  were  wrapped  around  the 
second  and  third  layers  of  weights,  as  shown  in  Figure  30,  to  keep  them 
from  toppling  due  to  uneven  settlement  of  the  fill. 

Loading  Equipment  and  Wall  Performance 
71.  The  loading  operation  was  accomplished  using  a telescoping 
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Figure  30.  Surcharge  loading  of  the  reinforced  earth  retaining 

wall  using  lead  weights 

crane  for  the  first  five  increments  of  surcharge  pressure.  A crawler- 
type  crane  was  used  for  placing  the  sixth  and  seventh  increments  of 
surcharge  load.  For  safety  purposes  a platform  was  constructed  to  fit 
on  a forklift  tractor  from  which  a laborer  could  disconnect  the  cable 
supporting  the  lead  weights  once  they  were  set  in  position.  About 
10  min  after  the  third  layer  was  completed,  an  audible  sound  of  distress 
accompanied  with  U-in.  bulging  in  the  skin  element  located  between  the 
first  and  second  rows  of  the  reinforcing  strips  from  the  bottom  occurred. 
This  lasted  for  about  1 to  2 sec,  after  which  movements  ceased.  It  was 
felt  at  this  time  that  the  wall  was  on  the  verge  of  collapse  and  could 
fail  at  any  moment.  Thus,  the  wall  was  left  undisturbed  for  two  days 
with  nothing  significant  happening  except  that  increased  bulging  in  the 
skin  element  occurred  at  the  northeast  corner.  It  was  decided  to  con- 
tinue surcharge  loading  the  wall  until  complete  failure  occurred. 

72.  Prior  to  continuation  of  loading,  readings  were  made  of  the 


pressure  cells,  strain  gages,  and  the  lateral  deformation.  The  surcharge 
loading  was  continued  using  2-ton  basket  weights  since  all  the  available 
1-ton  weights  had  been  used  in  previous  increments.  The  loading  pattern 
followed  is  shown  in  Figure  31.  After  placement  of  basket  weight  16,  a 
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Figure  31.  Sequence  of  placing  the  lead  weight  baskets  for 
the  fourth  layer  of  surcharge  loading 


significant  movement  of  the  wall  accompanied  by  a loud  crushing  noise 
was  observed,  and  at  this  time  another  set  of  instrumentation  readings 
was  taken  before  adding  the  next  basket  weight.  Surcharge  loading  was 
then  continued  until  basket  weight  20  was  placed  in  position.  At  this 
moment  the  reinforced  earth  wall  started  to  move  and  complete  collapse 
took  place  in  a short  period  of  time  (not  more  than  3 sec).  The  con- 
struction, instrumentation,  surcharge  loading,  and  failure  of  the  wall 
were  recorded  on  l6mm  color  movie  footage  which  is  available  on  loan 
from  WES.  Figure  32  shows  the  reinforced  earth  wall  a few  minutes  after 
the  catastrophic  failure.  Note  that  a large  mass  of  the  southeast 
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Figure  32.  Retaining  wall  reinforced  with  galvanized  steel  strips 

after  failure 

embankment  also  moved  along  with  the  reinforced  earth  mass. 


Assessment  of  Damage  after  Failure 

73.  After  the  failure  of  the  reinforced  earth  wall,  a general 
survey  of  the  area  was  made  in  an  effort  to  define  some  significant 
feature  of  the  failure  mechanism.  It  was  hoped  to  locate  the  failure 
surface,  but  because  of  the  severe  damage  inflicted  by  the  tumbling  lead 
weights,  such  hope  disappeared  quickly.  Consequently,  the  survey  was 
limited  to  taking  elevations  of  the  backfill  material  which  are  pre- 
sented in  contour  form  in  Figure  33.  Three  cross  sections  of  the  fill 
material  are  presented  in  Figure  31*,  one  along  the  center  line  of  the 
wall  and  the  other  two  along  the  sides.  The  average  angle  of  fallen 
fill  material  was  about  29  deg,  which  was  approximately  equal  to  the 
minimum  angle  of  friction  of  the  backfill  sand.  The  uppermost  landing 
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Figure  33.  Contour  lines  for  the  fill  material  after  the  failure 

of  the  reinforced  vail 
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mat  of  the  skin  element  vas  found  approximately  12  ft  from  its  original 
position  (see  Figure  32)  while  the  lowermost  landing  mat  had  moved  only 
a few  inches.  This  suggests  that  the  general  mode  of  failure  was  by 
overturning  the  failure  wedge  around  the  toe  of  the  wall  rather  than  by 
sliding  on  the  failure  surface. 

7**.  The  survey  showed  that  the  cable  holding  the  vertical  landing 
mat,  see  Figure  30,  had  been  torn  and  that  a mass  of  the  vertically  ex- 
cavated embankment  which  contained  the  southern  boundary  of  the  excava- 
tion had  sheared.  It  has  been  suggested  that  one  of  the  lead  weights 
broke  the  cable  which  in  turn  generated  a large  horizontal  thrust  on  the 
embankment  and  caused  it  to  fail.  Another  opinion  suggests  that  the 
embankment  failed  due  to  high  longitudinal  stresses  in  the  backfill 
material  which  in  turn  caused  the  cable  to  fail.  It  is  not  significant 
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which  failure  occurred  first,  i.e.,  the  cable  or  the  embankment.  What 
is  significant,  hovever,  is  that  the  wall  might  have  been  able  to  carry 
more  surcharge  load  had  the  cable  and  the  supporting  embankment  remained 
intact. 

75.  The  mode  of  failure  of  the  reinforcing  elements  and  the  rel- 
ative displacement  of  each  strip  from  its  original  position  vere  exam- 
ined and  are  summarized  in  Figure  35.  Three  types  of  failure  were  noted 
(see  Figure  36),  as  follows: 

a.  Shear  failure  either  across  the  full  width  of  the 
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NORTH 


NOTE.  S INDICATES  SHEAR  FAILURE  IN  THE  STRIP 
C INDICATES  CONNECTION  FAILURE 
P INDICATES  PULLOUT  FAILURE 

NUN8ERS  REPRESENT  THE  NOVENENT  OF  THE  STRIPS  AFTER 
FAILURE  FRON  THEIR  ORIGINAL  POSITION 

Figure  35<  Mode  of  failure  and  the  displacement  of  the  galvanized 

steel  strips  after  failure 
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reinforcing  strip  or  around  the  bolts  which  connected  the 
strip  to  the  skin  element. 

b.  Connection  failure  in  which  the  two  angles  that  fastened 
the  reinforcing  strip  to  the  landing  mat  were  detached 
due  to  the  severe  deformation  of  the  skin  element. 

c_.  Pullout  failure  in  which  a substantial  relative  movement 
occurred  between  the  reinforcing  strips  and  the  surround- 
ing soil. 

76.  All  reinforcing  strips  that  broke  did  so  at  or  very  close  to 
the  brackets  that  connected  them  to  the  skin  element.  This  may  indicate 
that  the  highest  tensile  stress  concentration  at  failure  occurred  at 
points  along  the  strips  close  to  the  skin  element.  Failure  was  not 
limited  to  the  reinforcing  strips  but  also  extended  to  the  skin  ele- 
ments. It  was  observed  that  all  vertical  welding  of  Joints  connecting 
the  landing  mats  had  experienced  severe  deformation  and  buckling  or 
horizontal  shear  along  the  Joints  as  shown  in  Figures  37  and  38, 
respectively. 
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Shear  failure  of  the  skin  element 


PART  V:  INSTRUMENTATION  MEASUREMENTS  AND  RESULTS 

T7 • Three  types  of  instrumentation  were  used  in  the  test  program 
for  the  measurement  of  stresses  and  deformation  within  the  reinforced 
mass.  The  devices  were  pressure  cells  for  measuring  internal  stresses 
within  the  soil,  strain  gages  for  measuring  strains  along  the  reinforc- 
ing strips,  and  wooden  rules  for  measuring  lateral  deformation  of  the 
skin  elements. 

Stress  Measurement  Within  the  Backfill 


78.  Six  WES  pressure  cells  were  used  for  each  retaining  wall, 
three  placed  horizontally  to  measure  vertical  stress  at  different  levels, 
and  three  oriented  vertically  to  measure  the  lateral  stress  as  shown  in 
Figure  21.  These  pressure  cells  were  placed  approximately  12  in.  from 
the  face  of  the  wall  and  at  elevations  1,  5,  and  9 ft  above  the  bottom 
of  the  wall. 

Pressure  cell  measurement 

79>  The  pressure  cell  readings  were  taken  during  construction  of 
the  wall  reinforced  with  neoprene-coated  membrane  strips  at  every  1-ft 
lift,  and  the  vertical  and  horizontal  earth  pressures  calculated  from 
these  readings  were  compared  with  the  theoretical  overburden  pressure 
above  the  pressure  cell  at  the  time  of  reading.  The  correlation  between 
the  vertical  stress  reading  of  the  pressure  cell  and  the  calculated 
vertical  pressure  due  to  the  depth  of  overburden  is  presented  in  Fig- 
ure 39*  As  expected,  the  pressure  cell  reading  increased  with  increase 
in  the  depth  of  overburden,  but  deviated  slightly  from  the  ideal  condi- 
tion. It  appears  that  while  the  pressure  cells  overregistered  at  the 
early  stages  of  loading,  they  underregistered  when  the  wall  approached 
failure.  A similar  correlation  between  the  horizontal  pressure  cell 
reading  and  the  overburden  pressure  for  each  lift  is  presented  in  Fig- 
ure Uo.  The  figure  shows  that  although  the  correlation  between  o.  and 

n 

ov  conforms  with  the  active  earth  pressure  relationship  at  low  pressure, 
it  deviates  significantly  at  higher  pressure  indicating  that  most  of  the 
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Figure  Uo.  Comparison  between  the  measured  horizontal  stress 
and  the  calculated  vertical  stress  for  wall  reinforced  with 

rubber-coated  strips 

horizontal  stresses  were  carried  by  the  reinforcing  strips  at  the  points 
where  the  pressure  cells  were  placed. 

80.  A similar  comparison  between  pressure  cell  readings  and  the 
pressure  due  to  the  depth  of  overburden  plus  the  surcharge  pressure  was 
made  for  the  wall  reinforced  with  galvanized  steel  strips.  Readings 
were  taken  not  only  at  1-ft  lifts  during  construction,  but  also  at  each 
250-psf  increment  of  surcharge  pressure.  The  relationship  between  the 
vertical  pressure  as  measured  by  the  pressure  cells  and  that  calculated 
from  the  depth  of  overburden  plus  the  surcharge  pressure  is  Bhown  in 
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Figure  Ul.  The  figure  shows  good  agreement  between  the  measured  and  the 
calculated  vertical  stresses  during  construction,  but  for  unknown  reasons 
the  pressure  cell  readings  changed  during  the  2-month  period  between 
the  completion  of  construction  and  the  beginning  of  surcharge  loading. 
Rational  reasoning  for  such  behavior  is  complicated  by  the  fact  that  the 
pressure  cells  placed  at  9 ft  from  the  bottom  of  the  wall  registered  an 
increase  in  pressure  while  those  placed  at  5 and  1 ft  from  the  bottom 
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Figure  Ul.  Comparison  between  measured  and  calculated  vertical  stresses 
for  wall  reinforced  with  galvanized  steel  strips 
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of  the  wall  registered  a decrease  in  pressure.  It  is  possible  that  the 
zero  reading  was  shifted  after  construction.  During  surcharge  loading, 
however,  the  rate  of  increase  in  pressure  cell  readings  was  slightly 
less  than  the  rate  of  increase  in  surcharge  load,  possibly  due  to  arch- 
ing of  the  sand. 

81.  The  relationship  between  the  lateral  stress  as  measured  by 
the  pressure  cells  and  the  vertical  stress  due  to  the  depth  of  over- 
burden plus  the  surcharge  load,  for  the  wall  reinforced  with  galvanized 
steel  strips,  is  shown  in  Figure  1*2.  This  figure  shows  that  the  slope 

of  o,  versus  o is  about  half  the  value  k during  the  construction 
h v a 

and  surcharge  loading  of  the  wall.  The  figure  also  shows  that  the  mea- 
sured lateral  pressure  increased  during  the  2-month  period  between  the 
end  of  construction  and  the  beginning  of  surcharge  loading  even  though 
the  vertical  pressure  was  unchanged  during  that  period.  The  reading 
for  the  pressure  cell  placed  1 ft  above  the  bottom  of  the  wall  increased 
and  at  the  end  of  the  resting  period  the  registered  lateral  pressure  ex- 
ceeded the  vertical  pressure.  Again  there  is  no  satisfactory  explana- 
tion for  such  unexpected  behavior  except  the  possibility  of  shift  in 
the  zero  reading. 

Strain  measurement 
of  the  reinforcing  strips 

82.  Three  galvanized  steel  strips  along  the  center  line  of  the 
wall  were  instrumented  with  strain  gages  to  measure  the  tensile  strains. 
These  reinforcing  strips  were  located  at  elevations  of  1,  5,  and  9 ft 
along  the  center  line  of  the  wall  and  instrumented  with  full  SRl*  bridges 
on  both  surfaces  at  points  1,  2.5,  5,  and  7.5  ft  from  the  face  of  the 
"kin  element,  as  shown  in  Figure  1*3.  Strain  gage  readings  were  taken 
after  the  completion  of  every  1-ft  lift  and  following  the  application 
of  each  increment  of  surcharge  load.  . The  readings  were  compared  with 
the  vertical  stress  computed  using  the  overburden  plus  the  surcharge 
pressures  as  shown  in  Figures  1*1* , 1*5,  and  1*6.  These  figures  show  that 
the  strain  gage  readings  increased  with  increasing  vertical  stress  in 

a nonlinear  fashion.  It  is  of  interest  to  note  that  the  top  and  bottom 
strain  gage  bridges,  in  the  majority  of  points,  did  not  give  the  same 
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Figure  42.  Comparison  between  the  measured  horizontal  stress 
and  the  calculated  vertical  stress  for  wall  reinforced  with 
galvanized  steel  strips 
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Figure  U3.  Layout  of  SR-U  strain  gages  on  the  galvanized  steel 
strips  along  the  center  line  of  the  reinforced  earth  vail 
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CALCULATED  VERTICAL  PRESSURE 
ABOVE  GAGE,  PSF 

b.  STRAIN  GAGES  ON  LOWER  SURFACE 

Figure  L5.  Strain  gage  readings  versus  vertical  stress  for  the  galva 
nized  steel  strip  located  5 ft  above  bottom  of  vail 
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CALCULATED  VERTICAL  PRESSURE 
AROVE  CAGE,  PSF 

b.  STRAIN  GAGES  ON  LOWER  SURFACE 


Figure  U6.  Strain  gage  readings  versus  vertical  stress  for  the  galva- 
nized steel  strip  located  9 ft  above  bottom  of  vail 
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readings.  This  difference  may  be  attributed  partly  to  slight  strain  due 
to  bending,  to  the  difference  in  the  characteristics  of  each  bridge,  and 
possibly  to  the  effect  of  arching  and  other  unknown  factors.  The  fig- 
ures also  show  that  there  was  an  increase  in  the  strain  gage  readings 
during  the  2-month  period  between  the  end  of  construction  and  beginning 
of  surcharge  loading,  especially  for  the  gages  located  at  1,  2.5,  and 
5 ft  from  the  face  of  the  wall.  This  may  be  attributed  to  the  slow 
creep  in  the  fill  material  and  possibly  to  the  settlement  and  readjust- 
ment of  the  soil  particles  within  the  reinforced  mass. 

83.  Measured  strains  at  the  top  and  bottom  of  each  instrumented 
point  were  averaged  out  to  eliminate  the  effect  of  bending  strains,  and 
the  resulting  strain  was  used  for  tensile  stress  calculation.  Knowing 
the  modulus  of  elasticity  of  the  galvanized  steel.  Figure  8,  the 
tensile  stress  was  calculated  by  multiplying  the  average  strain  by  the 
modulus  of  elasticity  for  each  loading  increment.  The  relationships 
between  the  tensile  stress,  the  tensile  strain,  and  the  superimposed 
vertical  pressure  for  the  reinforcing  strips  are  shown  in  Figures  1*7,  **8, 
and  1*9.  It  can  be  seen  that  the  maximum  tensile  stress  did  not  occur  at 
the  wall  surface , but  rather  a few  feet  away  from  it.  This  point  is  il- 
lustrated more  clearly  in  Figure  50,  which  shows  the  distribution  of 
tensile  stress  along  the  instrumented  reinforcing  strips  at  the  end  of 
construction  and  prior  to  failure.  As  shown  in  Figure  50,  the  curve  con- 
necting the  points  where  maximum  tensile  stress  occurs  in  the  reinforcing 
strips  does  not  coincide  with  the  theoretical  Rankine  failure  surface. 

Comparison  between  theoretical  and 
experimental  lateral  earth  pressures 

8U.  In  Rankine' s theory  it  is  assumed  that  the  horizontal  pres- 
sure on  the  wall  increases  linearly  with  depth.  Consequently,  one  might 
expect  the  maximum  lateral  earth  pressure  to  occur  at  the  lowest  point 
of  the  wall.  Comparison  between  the  Rankine  earth-pressure  theory, 
readings  from  earth-pressure  cells,  and  also  those  stresses  generated 
from  the  measured  strains  in  the  Instrumented  reinforcing  strips  within 
a segment  of  the  wall  (88)  surrounding  the  strip  is  presented  in 
Figure  51,  As  shown  in  Figure  51*.  the  lateral  pressure  at  the  end  of 
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Figure  U<J.  Relationship  between  tensile  stress  and  vertical  pressure 
for  strips  located  9 ft  above  the  bottom  of  the  wall 
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Figure  50.  Tensile  stress  distribution  along  the  Instrumented 
reinforcing  ties  at  the  end  of  construction  and  before  failure 
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Figure  31*  Comparison  between  theoretical  and  measured  values  of 
lateral  pressures  for  the  steel -reinforced  wall 


construction  calculated  from  measured  strains  in  the  reinforcing  strips, 
using  modulus  of  elasticity  E = 31.1  x 10^  psi,  agrees  with  the  pres- 
sure cell  readings.  In  both  cases  the  calculated  lateral  pressures  on 
the  lower  two-thirds  of  the  wall  are  less  than  those  predicted  by  Rankine 
theory  while  pressures  at  the  upper  third  are  compatible  with  the  theory. 
Therefore,  one  might  assume  that  Rankine  theory  is  adequate  for  estimat- 
ing lateral  pressure  in  reinforced  walls  that  are  not  supporting  any  sur- 
charge loads.  However,  when  surcharge  load  is  applied.  Figure  51b,  the 
measured  lateral  pressures  from  the  earth  pressure  cells  for  the  middle 
third  of  the  wall  vary  from  1.0  to  1.2  times  the  pressure  predicted  by 
Rankine  theory.  In  contrast,  the  wall  pressures  estimated  from  the  re- 
inforcing tie  strains  were  less  than  that  predicted  by  Rankine  theory. 

85*  The  relationship  between  the  measured  lateral  pressure  from 
the  pressure  cell  and  the  lateral  pressure  calculated  from  Rankine 
theory  for  the  membrane-reinforced  wall  is  shown  in  Figure  52.  It  can 
be  seen  that  the  predicted  lateral  pressure  by  the  Rankine  theory  is 
higher  than  that  measured  by  the  pressure  cells.  Therefore,  Rankine 
theory  should  give  a conservative  estimate  of  the  lateral  earth  pressure 
when  no  surcharge  load  is  involved.  Consequently,  the  failure  of  this 
wall  when  the  backfill  reached  a height  of  10  ft  must  have  been  due  to 
insufficient  friction  between  the  soil  and  the  reinforcing  strips,  con- 
nection failure  between  the  reinforcing  strips  and  the  skin  elements, 
or  tie  breaking. 

Wall  Movement  During  Loading 

86.  Wall  movement  may  be  divided  into  two  parts — movement  during 
the  construction  phase  and  movement  during  surcharge  loading. 

Movement  during  construction 

87.  The  deformations  of  the  membrane-reinforced  wall  were  moni- 
tored directly  during  the  construction  process.  Readings  were  taken  at 
several  points  along  the  individual,  planks  of  the  skin  element  after 
each  1-ft  lift  until  the  height  of  the  wall  reached  10  ft  and  the  wall 
collapsed.  The  outward  movement  of  the  skin  element  during  construction 
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Figure  52.  Comparison  between  theoretical  and  experimental  values  of 
lateral  pressures  acting  on  the  membrane-reinforced  wall 

and  prior  to  failure  is  shown  in  Figure  53.  The  figure  shows  that  there 
was  a steady  outward  movement  as  the  height  of  fill  increased  with  a 
minimum  movement  of  2.25  in.  at  the  bottom  and  almost  6 in.  at  the  top 
of  the  skin  element  prior  to  failure. 

88.  Examination  of  the  skin  element,  connectors,  and  rubber  mem- 
brane strips  after  failure  (see  Figure  5*0  showed  no  visible  signs  of 
defects,  leading  to  the  conclusion  that  the  failure  probably  was  en- 
tirely by  pullout.  However,  laboratory  direct  shear  tests  indicated 
that  the  friction  between  the  soil  and  the  rubber  was  great  enough  to 
prevent  pullout.  The  examination  also  showed  that  one  connection  at 
the  lowermost  row  of  landing  mat  came  loose  and  that  at  three  places  a 
weld  Joint  failed  due  to  the  great  deformation  of  the  skin  element  as- 
sociated with  the  collapse  of  the  wall.  It  may  be  possible,  however, 
that  the  failure  was  caused  by  the  large  elongation  of  the  membrane 
beyond  that  which  was  needed  to  create  active  failure  in  the  soil  mass. 


HEIGHT  OF  FILL,  FT 


Figute  53.  Lateral  movement  of  skin  element  versus  height  of  fill 
for  the  wall  reinforced  with  rubber  membrane 


POST  FAILURE  EXAMINATION: 

ONE  CONNECTOR  CAME  LOOSE  AT  THE  FIRST  ROW  OF  SKIN  ELEMENTS. 
WELO  JOINT  OF  SKIN  ELEMENT  FAILED  AT  THREE  PLACES. 


Figure  5^-  Skin  element  for  the  rubber  membrane-reinforced 
wall  reassembled  after  failure 

89.  Measurement  of  the  outward  movement  of  the  steel-reinforced 
wall  was  conducted  in  a manner  similar  to  that  used  for  the  membrane- 
reinforced  wall.  The  lateral  deformations  along  the  center  line,  how- 
ever, were  very  small  and  were  neglected. 

Movement  during  surcharge  loading 

90.  The  deformation  of  the  steel-reinforced  wall  was  monitored 
during  surcharge  loading  using  wooden  rules  placed  along  the  center  line 
of  the  skin  element  at  2- ft  intervals.  The  rules  were  read  with  every 
250  psf  of  surcharge  loading  increment  using  a transit  located  about 
200  ft  from  the  wall.  The  lateral  deformation  of  the  skin  element  after 
each  surcharge  load  increment  is  shown  in  Figure  55*  This  figure  shows 
•hat.  the  lateral  deformation  progressed  slowly  but  uniformly  until  the 

• .-  urge  pressure  reached  1250  psf.  However,  beyond  this  surcharge 


t»--wwvire  ♦ he  deformation  progressed  very  rapidly  with  load  until  failure 
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occurred  very  suddenly.  The  average  ratio  of  lateral  deformation  to 
height  was  about  3 percent,  which  is  much  higher  than  that  which  might 
be  expected  during  active  failure  for  a conventional  retaining  wall  of 
this  height. 


0 I 2 3 4 5 

LATERAL  MOVEMENT  OF  SKIN  ELEMENT,  IN. 


Figure  55"  Skin  element  face  deformation  of  the  steel-reinforced  wall 

due  to  surcharge  load 
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PART  VI:  DESIGN  CONSIDERATIONS 


91.  Three  design  criteria,  which  can  be  expressed  in  terms  of 
safety  factors,  should  be  considered  in  designing  reinforced  earth  struc- 
tures similar  to  those  described  in  this  report.  These  criteria  are  re- 
lated to  tie  breaking,  tie  pullout,  and  tie  elongation. 

Tie  Breaking 

92.  The  total  horizontal  force  F^  induced  by  the  weight  of  over- 
burden acting  on  an  area  bounded  by  S S (shown  in  Figure  2)  may  be  ex- 

X z 

pressed  as: 

Fh  = k(q  + Yd)SxSz  (22) 

where  k is  the  ratio  of  the  horizontal  to  vertical  pressure  at  any 
point  along  the  skin  element  and  q , y » d , S , and  S are  as  de- 
fined  previously.  The  tie  tension  force  F^  can  be  written  as 

F = a wt  (23) 

where  a.  is  the  average  tensile  stress  in  the  reinforcing  tie,  and  v 

and  t are  the  width  and  thickness  of  the  tie,  respectively. 

Factor  of  safety 
against  tie  breaking 

93.  The  factor  of  safety  against  tie  breaking  FS^  may  be  de- 
fined as  the  ratio  of  the  yield  stress  of  the  reinforcing  tie  oy  to 
the  expected  maximum  tensile  stress  o . Thu” 

FS  = -^  (2h) 

b °t 

Substituting  Equation  2h  into  Equation  23  yields 

Ft  " * reT  (25) 

D 

Since  F cannot  exceed  F , the  maximum  value  of  F is  equal  to 
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• Therefore,  by  equating  Equations  25  and  22,  an  expression  for  the 
factor  of  safety  against  tie  breaking  can  be  written  as 


*~b  k yd  + q S S 
X z 

where  k may  vary  between  k and  k as  suggested  in  Figure  51.  For 

& o 


this  study  the  maximum  k was  found  to  be  1.2  k 


While  the  maximum 


reinforcing  tie  tension  is  larger  than  values  computed  using  estimated 
wall  pressures  (see  Figure  50),  the  maximum  measured  tie  tension  values 
were  not  larger  than  those  corresponding  to  1.2  k 

E 

Verification  of  FS, 


94. The  properties  of  the  reinforcing  ties  and  the  backfill  ma- 
terial needed  to  calculate  the  factor  of  safety  are  presented  in  Table  2. 
Substituting  the  appropriate  data  from  Table  2 in  Equation  26,  the  fac- 
tor of  safety  against  breaking  the  most  critical  tie  (lowest  tie  in  the 
test  walls)  can  be  calculated. 

a.  Wall  reinforced  with  neoprene-coated  nylon  membrane: 


T?G  — J 

b k(yd  + q)S  S 
^ x z 


lU.500  x 1*  x 0.08 
0.26(97.5  x 8 + 0)1*  x 2 


= 2.86 


b.  Wall  reinforced  with  galvanized  steel  (no  surcharge, 

k = k ) : 
a 


k(q  + yd)S  S 
x z 


55.000  x k x Q Q2U 
0.26(0  + 97.2  x 11)2.5  * 2 


Wall  reinforced  with  galvanized  steel  (with  surcharge, 
k * 1.2  ka).  Since  the  surcharge  load  at  failure  is  not 
exactly  known,  one  may  ask  what  is  the  maximum  surcharge 
load  that  the  structure  can  carry  at  tie  yield  (i.e. 

FSfc  = l).  Using  Equation  26  yields 


k(q  + yd)S  S 
x z 


55.000  x k x Q.Q2U 

1.2  x 0.26(q  + 97.2  * 11)2.5  * 2 


or  q ■ 2315  psf,  which  is  greater  than  the  estimated 
surcharge  load  at  failure  (1500  psf  for  initial  failure, 
about  1750  psf  for  complete  collapse).  ThiB  compares 
favorably  with  assessment  of  damage  after  collapse,  which 


indicated  that  all  tie  failures  occurred  near  the  connec- 
tion brackets,  probably  due  to  high  stress  concentrations, 
and  that  no  tie  failures  occurred  within  the  backfill 
( see  paragraph  ?6 ) . 

Tie  Pullout 


95*  Because  the  frictional  force  is  directly  proportional  to  the 

relative  movement  between  the  tie  and  the  surrounding  soil  mass  and 

since  soil  movement  is  not  known,  it  is  not  possible  to  directly  deter- 

1*1 

mine  the  shear  distribution  along  the  tie.  Lee,  et  al.  suggested  in 
1972  that  only  the  length  of  reinforcing  tie  behind  the  Rankine  failure 
surface,  as  shown  in  Figure  56,  be  used  in  calculating  tie  pullout. 
However,  for  this  study,  as  shown  in  Figure  50,  the  curve  connecting  the 
points  where  maximum  tensile  stress  occurs  in  the  reinforcing  ties  does 
not  coincide  with  the  theoretical  Rankine  failure  surface.  Only  the  por- 
tion of  the  tie  beyond  the  point  of  maximum  tensile  stress  constitutes 

26 

effective  anchorage.  Subsequent  full-scale  tests  reported  by  Chang 
62 

and  Lee  have  also  indicated  that  the  curve  connecting  the  points  where 

maximum  tensile  stress  occurs  is  not  defined  by  the  Rankine  failure  sur- 

62 

face.  However,  as  noted  by  Lee,  the  information  from  full-scale  field 
tests  has  not  at  present  been  used  to  develop  an  improved  method  of  de- 
fining the  effective  tie  length  in  computing  tie  pullout.  Therefore,  it 
can  be  assumed  that  the  shear  stress  distribution  at  incipient  active 
failure  is  as  shown  in  Figure  56.  If  the  frictional  stress  distribution 
along  be  (see  Figure  56)  is  approximated  by  a parabola,  then  the  total 

effective  frictional  force  along  the  reinforcing  tie  T is 

e 

t.  ■ K!  v)  * 1 v (27) 

where  t is  the  maximum  frictional  stress  along  the  tie  and  l is  the 
in 

effective  length  of  the  tie. 

Factor  of  safety  against  tie  pullout 

96.  The  factor  of  safety  against  pullout  failure,  FS  , can  be 

P 

defined  as  follows: 


(28) 
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Figure  56.  Hypothetical  stress  distribution  along  reinforcing  tie 

where  t . and  t are  the  ultimate  and  the  maximum  shear  stresses 
ult  m 

between  the  reinforcing  tie  and  the  surrounding  soil,  respectively. 

The  maximum  mobilized  can  be  expressed  in  terms  of  the  applied 

vertical  stress  on  the  tie  as 

t lt  * (q  + yd)  tan  (29) 

where  is  the  angle  of  friction  between  the  reinforcing  tie  and  the 

surrounding  soil  as  obtained  by  the  direct  shear  tests  and  q , y , and 
d are  as  defined  previously.  Substituting  Equations  29  and  28  into 
Equation  27  and  arranging  terms,  the  following  expression  may  be 

obtained: 

I 

, tan  $ 

Te  * -3  v*(q  + Yd)  — — — (30) 

P 


8U 


iflWjUWTBUV 


97.  If  the  friction  force  acting  on  the  portion  of  the  lowest  tie 
within  the  Rankine  zone  is  small  and  can  be  ignored,  the  effective  fric- 
tion force  T should  be  equal  to  the  horizontal  force  F.  as  ex- 
e n 

pressed  by  Equation  22.  Therefore  by  equating  Equations  30  and  22,  an 
expression  for  the  factor  of  safety  against  tie  pullout  FS^  can  be 
obtained  as 


4wt  tan 

FSp  = 3kS  S 
* x z 


(31) 


where  k , depending  on  the  loading  conditions,  may  vary  between  k 

8 

and  k . For  this  study  the  maximum  k was  found  to  be  1.2  k . 
o a 

Verification  of  FS_ 


98.  The  factor  of  safety  against  pullout  can  be  calculated  from 
Equation  31  in  conjunction  with  Tables  2 and  3 for  the  reinforced  earth 
walls  at  the  lowest  tie.  In  general,  the  effective  length  l may  be 
expressed  as 


i.  - L - (H  - d)  tan  ()+5  - 


(32) 


where  (H  - d)  is  the  elevation  of  the  tie  above  the  floor,  $ is  the 
angle  of  internal  friction  of  the  fill,  and  L is  the  total  length  of 
the  tie. 

a.  Neoprene-coated  nylon  fabric  ties: 

FS  , i V*  tan  a u x 0.333  « 9M  x 0.58  _ 

p 3 k S S 3 « 0.26  x M 2 ±,lf 

a x z 

b.  Galvanized  steel  ties  at  end  of  construction: 


pc  4 tan  m U x 0.333  x 9.U9  x 0.32  _ 
p 3 kaSxSz  3 * 0.26  x 2.5  x 2 A*' 

• - - > ■ • • ■ • 

£.  Galvanized  steel  ties  prior  to  failure: 
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0.86 


^ vl  tan  »f  j,  x Q,  333  x 9 k9  * 0.3 2 

p " 3 1.2  k S S " 3 * 1.2  * 0.26  x 2.5  * 2 
r a x z 

99.  From  the  above  calculations,  it  appears  that  the  steel- 
reinforced  wall  was  on  the  verge  of  pullout  failure  at  the  end  of  con- 
struction and  should  have  failed  in  the  early  stages  of  surcharge 
loading.  However,  this  did  not  occur,  illustrating  that  assuming  the 
effective  length  of  reinforcing  tie  to  be  the  length  of  tie  behind  the 
Rankine  failure  surface  in  calculating  tie  pullout  can  give  erroneous 
results.  An  improved  method  of  defining  the  effective  tie  length,  com- 
patible with  full-scale  field  test  results,  to  be  used  in  computing  tie 
pullout  is  needed.  Pending  development  of  an  improved  method  for  de- 
termining the  portion  of  the  tie  that  is  effective  for  pullout  resis- 
tance, Figure  50  could  be  used  as  an  empirical  guide. 


Tie  Deformation 


100.  Although  it  is  not  possible  to  obtain  the  exact  total  defor- 
mation in  a reinforcing  tie,  it  may  be  approximated  from  the  measurement 
of  strains.  The  strain  distribution  along  the  lowest  galvanized  steel 
tie  is  presented  in  Figure  57  as  a function  of  the  applied  vertical  load. 
The  total  deformation  was  obtained  by  multiplying  the  mean  strain*  under 
the  applied  load  by  the  length  of  the  tie;  the  results  are  summarized 

in  Table  3. 

101.  Another  indirect  method,  based  on  the  elastic  properties  of 
the  tie  material  and  the  total  horizontal  thrust,  can  be  used  to 
estimate  the  total  tie  deformation.  From  elementary  strength  of  mate- 
rials, the  change  in  length  AL  in  an  elastic  bar  is 


AL  * 


(33) 


* The  mean  strain  was  obtained  by  dividing  the  tie  into  ten  equal  seg- 
ments (Figure  57)  and  then  averaging  the  sum  of  strains  corresponding 
to  the  midpoint  of  each  segment. 
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DISTANCE  FROM  FACE  OF  WALL,  FT 


Figure  57.  Variation  of  strain  with  respect  to  the  applied 


vertical  load  for  the  lowest  galvanized  steel  tie 


where 

a * average  tensile  stress 
L = initial  length  of  the  bar 
E = modulus  of  elasticity 

102.  The  average  tensile  stress  in  the  tie  may  be  obtained  from 
the  mean  value  of  the  tensile  stress  distribution  curve  shown  in  Fig- 
ure 50.  The  tensile  stress  distribution  on  any  reinforcing  tie  can  be 
approximated  by  a parabola  in  a manner  similar  to  that  presented  in 

Figure  56.  If  the  maximum  possible  tensile  stress  is  equal  to  om  and 

2 

the  mean  value  is  equal  to  — o , 

3 m 


a = -r  a 

t 3 m 


103.  It  has  been  shown  previously  that  Rankine  theory  slightly 
overestimates  the  maximum  lateral  pressure  due  to  the  weight  of  the  fill. 
Therefore,  the  maximum  possible  value  that  om  can  assume  should  be 
that  induced  from  the  Rankine  theory.  By  equating  the  maximum  tensile 
force  in  the  tie  to  the  horizontal  soil  thrust  as  expressed  in  Equa- 
tion 22,  the  following  may  be  obtained. 

a wt  = k (yd  + q)S  S (35) 

m a x z 


k 

0 = dr  (yd  + q)s  S (36) 

m wt  x z 

After  substituting  Equation  36  into  Equation  3^,  which  is  then  substi- 
tuted into  Equation  33,  an  expression  for  AL  can  be  written  as  follows: 

« k (yd  + q)S  S L 

“-I  * vtE  ~ <37) 


■formation  of 


Ivanized  steel  tie 


IOU.  The  properties  of  the  galvanized  steel  and  the  backfill  ma- 
terial presented  in  Table  3 were  substituted  in  Equation  37  to  obtain 
the  total  deformation  in  the  reinforcing  ties.  The  lowermost  tie  was 


7 


selected  for  comparison,  and  the  calculation  of  the  total  deformation  is 
presented  in  Table  1*. 

105.  Comparison  between  the  total  deformations  obtained  from 
strain  measurements  (Table  3/  and  those  calculated  from  Equation  37 
(Table  U),  as  presented  in  Figure  58,  shows  a close  agreement  between 
the  two  methods  of  prediction.  Therefore,  it  appears  that  Equation  37 
provides  a reasonable  means  for  obtaining  the  total  deformation  of  the 
reinforcing  tie  under  a given  applied  load. 


Figure  58.  Comparison  between  measured  and  calculated  deformations 
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Deformation  of 

neoprene-coated  nylon  fabric  tie 


106.  Since  the  neoprene-coated  nylon  fabric  ties  were  not  instru- 
mented with  strain-measuring  devices,  the  indirect  method  was  used  to 
estimate  the  total  deformation.  Unlike  the  galvanized  steel  ties,  the 
modulus  of  elasticity  of  the  neoprene-coated  nylon  fabric  is  not  con- 
stant. Therefore,  the  modulus  of  elasticity  used  in  the  calculation  is 
the  secant  modulus  that  corresponds  to  the  stress  equal  to  half  the 
failure  stress,  which,  according  to  Figure  7,  is  equal  to  3.6  x 10^  psi. 
From  the  knowledge  of  E and  the  data  presented  in  Table  2,  the  total 
deformation  of  the  lowermost  tie  can  be  calculated  prior  to  the  failure 
that  occurred  when  the  wall  height  reached  10  ft. 


AL 


. k (yd  + q)S  S L 

2 a ^ x z 

3 wtE 


0.26  (97.5  x 8 + 0)  2 x U x 10  x 12 
U x 0.08  x 3.6  x IQ'’ 


1.13  in. 


Factor  of  safety 
against  tie  deformation 

107.  It  has  been  suggested  by  the  Sowers*^  and  other  investiga- 
tors that  the  minimum  amount  of  tilt,  which  is  defined  as  the  ratio  of 
horizontal  outward  movement  to  the  height  of  the  retaining  structure, 
needed  to  create  failure  in  cohesionless  soil  may  vary  from  0.002  for 

loose  material  to  0.0005  for  dense  material.  However,  a study  by  Lee 
Ul 

and  his  co-workers  conducted  on  model  reinforced  earth  retaining  walls 
showed  that  the  tilting  at  failure  may  vary  from  0.03  to  0.1.  There- 
fore, if  a tilt  of  0.03  is  accepted  as  a minimum  value  to  create  failure 
in  reinforced  earth  retaining  walls,  then  an  expression  for  the  tilt, 

8 , and  the  factor  of  safety  against  deformation,  FS,  , can  be  formu- 

a 

lated  as  follows: 
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PART  VII:  CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 


110.  A field  test  vas  conducted  at  WES  on  two  instrumented  rein- 
forced earth  retaining  walls  to  investigate  the  feasibility  of  using 
reinforced  earth  as  a viable  construction  material.  Each  wall  was  1 6 ft 
long,  10  ft  deep,  and  intended  to  be  12  ft  high,  with  the  first  wall  re- 
inforced with  neoprene-coated  nylon  fabric  (membrane)  and  the  second  re- 
inforced with  galvanized  steel  strips.  Although  the  membrane-reinforced 
wall  failed  when  the  height  reached  10  ft , the  steel-reinforced  wall  was 
built  to  a height  of  12  ft  and  was  able  to  carry  a uniform  surcharge 
load  in  excess  of  1500  psf  before  collapse.  Based  on  the  data  collected 
from  the  instrumentation  of  the  wall,  the  following  conclusions  are 
offered. 

Membrane-reinforced  wall 

a.  The  lateral  earth  pressure  measured  by  pressure  cells 
was  found  to  be  slightly  lower  than  that  predicted  by 
the  active  Rankine  earth-pressure  theory. 

b.  There  were  no  visible  striations  or  defects  in  the  ties 
which  would  have  been  present  if  pullout  failure  had 
occurred. 

c_.  The  average  tilting  of  the  skin  element  during  construc- 
tion was  about  5 percent.  This  tilt,  which  is  in  excess 
of  that  needed  to  create  active  failure,  was  attributed 
to  tie  deformation  and  not  to  pullout  due  to  the  lack  of 
friction  between  the  tie  and  the  surrounding  soil. 

Steel-reinforced  wall 

a.  The  pressure  cells  used  to  measure  vertical  pressure 
registered  slightly  higher  than  the  actual  overburden 
pressure  up  to  850  psf  and  registered  slightly  lower 
thereafter.  The  same  trend  occurred  in  measuring  the 
lateral  pressure. 

b.  The  lateral  earth  pressure  at  the  end  of  construction  of 
the  wall  as  measured  by  the  pressure  cells  was  found  to 
be  approximately  equal  to  that  predicted  by  the  Rankine 
theory  for  the  active  condition. 

c_.  The  measured  earth  pressure  along  the  skin  element  prior 
to  failure  was  maximum  at  the  middle  third  of  the  wall 
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and  varied  from  1.0  to  1.2  times  the  earth  pressure  pre- 
dicted hy  the  Rankine  theory  for  the  active  case. 

d.  The  curve  connecting  the  points  where  maximum  tensile 
stress  occurred  in  the  reinforcing  ties  did  not  coincide 
with  the  theoretical  Rankine  failure  surface. 

£.  The  collapse  of  the  wall  was  very  quick  (less  than 
3 sec)  and  the  mode  of  failure  was  complex,  hut  the 
general  trend  was  overturning  of  the  reinforced  wedge 
about  the  toe.  The  average  slope  angle  of  the  fallen 
fill  was  approximately  equal  to  (1»5  - $/2). 

£.  The  reinforcing  tie  failure  cannot  be  attributed  to  a 
single  factor  but  rather  to  a combination  of  several 
factors,  namely:  connection  failure  at  the  Junction 

between  the  tie  and  the  skin  element;  tearing  of  the  tie 
around  the  bolt  Joining  the  tie  to  the  connector;  tension 
failure  across  the  tie  at  the  Junction  with  the  skin  el- 
ement; pullout  failure  due  to  loss  of  skin  friction; 
deformation,  buckling,  and  Bhear  failure  in  several 
parts  of  the  skin  element. 

111.  The  field  tests,  especially  the  steel-reinforced  wall  test, 
indicate  that  the  reinforced  earth  method  of  construction  offers 
another  alternative  for  constructing  both  temporary  and  permanent  struc- 
tures relating  to  problems  of  retaining  earth  masses.  In  some  situa- 
tions, the  concept  of  reinforced  earth  can  provide  an  economical,  easy, 
and  quick  method  of  construction. 

112.  Current  reinforced  earth  research  activity  at  the  WES  in- 
cludes the  following: 

a.  Verifying  the  findings  of  this  study  with  small-scale 
model  tests  using  the  same  construction  materials. 

The  validity  of  the  scale  model  tests  should  then  be 
extended  by  varying  the  geometry  and  spacing  of  the 
various  components  of  the  reinforced  earth  wall. 

b.  Development  of  a finite  element  computer  program  with 
appropriate  constitutive  equations  for  the  reinforced 
earth  mass  and  performance  of  a parametric  study  for 
the  system. 


113.  Based  on  the  findings  of  this  research,  it  is  recoanended 
that  the  study  be  expanded  to: 


a.  Develop  an  improved  method  of  defining  the  effective 
length  of  reinforcing  tie,  compatible  with  full-scale 
field  test  results,  to  be  used  in  computing  tie  pullout. 

b.  Investigate  the  feasibility  of  using  reinforced  earth 
to  improve  the  bearing  capacity  of  pavements,  footings, 
and  other  earth  supporting  structures. 

£.  Study  the  feasibility  of  using  reinforced  earth  in  zones 
of  high  tensile  stresses  in  earth  and  rock-fill  dams. 

d.  Investigate  the  feasibility  of  using  reinforced  earth  for 
temporary  flood  protection  systems  over  levees,  dikes, 
and  similar  structures. 

£.  Study  the  feasibility  of  using  reinforcement  to  improve 
the  engineering  behavior  of  soils  vlth  high  silt  and 
sand  contents. 
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Table  1 


Summary  of  Water  Content  and  Density  of  Soil  During 
Construction  of  Reinforced  Earth  Walls 


Heavy-Duty  Membrane 

Galvanized  Steel 

Elevation 

Water  Content 

Dry  Density 

Water  Content 

Dry  Density 

ft 

* 

DCf 

1o 

pcf 

1 

4.7 

98.1 

4.8 

98.8 

2 

5.2 

97.9 

4.7 

97.7 

3 

4.9 

96.0 

5.1 

97-9 

4 

4.8 

97.1 

5.0 

97.8 

5 

5.0 

96.3 

5.0 

98.0 

6 

4.5 

97.3 

4.8 

95.5 

7 

4.5 

97.3 

5.3 

96.0 

8 

4.4 

99.4 

4.9 

95.7 

9 

3.6 

98.0 

3.7 

98.1 

10 

3.4 

97.1 

4.3 

98.6 

11 

— 

— 

3.2 

95.0 

12 

•• 

•• 

•- 

-- 

Average 

4.5 

97.5 

4.6 

97.2 

Table  2 


Properties  of  Materials  Used  in  Reinforced  Earth  Walle 


Wall  with 


Variable 

Galvanized  Steel 

Neoprene -Coated  Membrane 

S 

2.5  ft 

4.0  ft 

X 

Sz 

2.0  ft 

2.0  ft 

w 

4.0  in. 

4.0  in. 

t 

0.024  in. 

0.08  in. 

a 

55,000  psi 

14,500  psi 

y 

E 

31.1  X 106  psi 

(Nonlinear) 

V 

97.2  pcf 

97.5  pcf 

i 

36  deg 

36  deg 

if 

18  deg 

30  deg 

k 

0.26 

0.26 

a 

k 

0.41 

0.41 

o 

<1 

1500  psf 

none 

d 

11  ft 

8 ft 

Table  3 

Total  Deformation  at  Lowest  Galvanized  Steel  Tie 
Using  Strain  Distribution  Curve 


d 

Yd 

<1 

q + Yd 

AL 

ft 

psf 

psf 

psf 

in. 

5 

486 

0 

486 

0.012 

11 

1070 

0 

1070 

0.031 

11 

1070 

500 

1570 

0.055 

11 

1070 

1000 

2070 

0.078 

11 

1070 

1500 

2570 

0.092 

11 

1070 

1900 

Prior  to  failure 

0.094 

Table  4 

Toted  Deformation  at  Lowest  Galvanized  Steel  Tie 


Yd  + q 
psf 


ka(Yd  + q)SxSz 
lb 


2 _L_ 

3 wtE 
in. /lb 


0.0263.X  10‘3 


0.017 

0.037 

0.055 

0.063 

0.072 

0.081 

0.090 


APPENDIX  A:  NOTATION 


Coefficient  of  uniformity  of  sand 

Vertical  distance  from  top  of  retaining  vail  (l) 

Mean  diameter  of  sand  grains  (L) 

Tangent  modulus  (F/L  ) 

Resultant  of  gravity  force  (F) 

Resultant  force  acting  at  angle  $ to  the  normal  of  the  failure 
plane  (F) 

Horizontal  thrust  acting  on  area  SxSz  (F) 

Tie  tension  force  (F) 

Factor  of  safety  against  reinforcing  element  breaking 
Factor  of  safety  against  deformation 

Factor  of  safety  against  reinforcing  element  pulling  out 
Specific  gravity 

Distance  from  backfill  surface  to  point  in  soil  mass  (L) 

Height  of  retaining  vail  (L) 

Angle  betveen  earth  fill  and  horizontal 

Coefficient  of  earth  pressure  * a. /a  ; ratio  of  horizontal  to 
vertical  pressure  at  any  point  alongreinforcing  element 

Coefficient  of  active  earth  pressure 

Coefficient  of  earth  pressure  at  rest 

Constant  defined  in  terns  of  t , a , 6 , and  i 

Constant  defined  in  terms  of  + and  6 

Effective  length  of  reinforcing  element  (L) 

Length  of  reinforcing  element  (L) 

Pressure  at  a point  (F) 

Resultant  of  total  pressure  acting  on  vertical  plane  (F) 
Resultant  force  acting  at  angle  6 to  retaining  vail  (F) 
Retaining  vail  surcharge  pressure  (F/L  ) 

Resultant  of  retaining  vail  surcharge  (P) 

Horizontal  distance  betveen  reinforcing  elements  (L) 

Vertical  distance  betveen  reinforcing  elements  (L) 

Thickness  of  reinforcing  element  (L) 
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Tensile  force  in  reinforcing  element  (F) 

Tg  Total  effective  frictional  force  along  reinforcing  element  (F) 

T Maximum  tensile  force  in  reinforcing  element  ( F ) 

max 

w Width  of  reinforcing  element  (L) 

W Resultant  of  gravity  force  (F) 

W'  Sum  of  the  resultant  forces  W and  Q (F) 

a Angle  between  contact  surface  of  retaining  wall  and  vertical 

y Unit  weight  of  backfill  (F/L^) 

Y'  Composite  unit  weight  of  soil  and  surcharge  (F/L  ) 

Y.  Dry  unit  weight  of  soil  (F/L^) 

Y Maximum  unit  weight  of  soil  (F/L  ) 

max 

Ymin  Minimum  unit  weight  of  soil  (F/lr ) 

6 Angle  between  thrust  for  P*  and  the  normal  to  the  retaining 
wall 

AL  Change  in  length  of  reinforcing  element 

e Axial  strain 

e.  Horizontal  strain 

h 

0 Angle  between  any  failure  plane  in  the  backfill  and  the 
horizontal 

2 

o Axial  or  normal  stress  (F/L  ) 

2 

o.  Horizontal  stress  (F/L  ) 

^ 2 
o_  Maximum  possible  tensile  stress  (F/L  ) 

® 2 
o Tensile  stress  in  reinforcing  element  (F/L  ) 

z o 

o Vertical  stress  (F/L  ) 

^ 2 
o Tensile  yield  stress  (F/L  ) 

* 2 

a Major  principal  stress  (F/L  ) 

**■  2 

o_  Minor  principal  stress  (F/L  ) 

^ 2 
t Maximum  frictional  stress  along  reinforcing  element  (F/L  ) 

® 2 
Tult  Ultimate  shear  stress  along  reinforcing  element  (F/L  ) 

♦ Angle  of  internal  friction 

Effective  angle  of  internal  friction 

Angle  of  skin  friction  between  soil  and  reinforcing  element 
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